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Abstract 

Cocontinuous polymer blends are composed of two or more immiscible or partially 

miscible polymers coexisted within the same volume in multiple interpenetrated networks. They 

can be created by either melt compounding of immiscible polymers or phase separation of 

partially miscible polymer pairs via spinodal decomposition. The polymer blends with 

cocontinuous structure have significantly improved mechanical properties and they  have 

applications in conductive plastics, porous membranes for filtration and tissue scaffolds for drug 

delivery devices. As the cocontinuous morphology is in a non-equilibrium state, the 

thermodynamic instability causes the morphology to coarsen during post-mixing processing, 

which is a major drawback for applications. In order to control and optimize the phase 

morphology, nanofillers have been localized and jammed at the interface as an effective method 

to suppress the coarsening and stabilize the cocontinuous structure during annealing. However, 

the mechanisms involved in the morphology stabilization by interfacial nanofillers are not yet 

fully understood. This thesis seeks to systemically study the structure-processing-properties 

relationships of nanofiller stabilized cocontinuous polymer blends by providing insight to these 

three questions: (1) how do thermodynamic factors determine nanofiller localization and their 

morphology stabilization ability? (2) How do kinetic factors affect nanofiller migration during 

melt compounding and coarsening suppression during annealing? (3) How is the morphology 

dynamics of nanofiller stabilized polymer blends connected to their rheology response during 

annealing?  

Concerning the thermodynamic factors, this thesis approaches the problem via 

incorporating nanofillers with different surface properties into cocontinuous polymer blends.  The 

different hydrophobicities of silica nanoparticles and the different polarities of graphene 

nanoplates determine the different localization of these nanofillers in the polymer blends. 

Nanofiller localization in one polymer phase or at the interface is explained by the system’s 
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tendency to minimize its free energy. Wetting coefficients, which are derived from the Young’s 

equation and calculated based on the surface energies of nanofillers and two polymer 

components, have been applied to predict the nanofillers localization in the polymer blends.  

Concerning kinetic factors, different processing parameters during melt compounding 

were systemically investigated to study their effect on the migration and localization of 

nanofillers and their corresponding morphology stabilization ability during annealing. The proper 

sequence of addition of components is crucially significant to achieve the interfacial localization: 

nanofillers were generally premixed with the thermodynamically less favorable phase, and then 

melt compounded with the thermodynamically more favorable phase to enable nanofillers to 

migrate from the premixed phase to the interface. The effect of different melt compounding time 

is also systemically studied in the cocontinuous polymer blends stabilized by graphene 

nanoplates, and we found blends with short melt compounding time have more nanofillers 

jammed at the interface and more effective coarsening suppression ability during annealing.  

 In order to correlate the morphology dynamics with rheology, we combined rheology 

time sweeps with morphology information from confocal microscopy, scanning electron 

microscopy and transmission electron microscopy. We found that morphology coarsening results 

in shrinkage of interfacial area and jamming of interfacial nanofillers. The nanofillers jammed at 

the interface contributed to stabilization of the cocontinuous morphology and formation of a 3D 

nanofiller network. The nanofiller network gave rise to the increase of storage modulus during 

annealing and the typical gel-like behavior in rheology frequency sweeps.  
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Chapter 1: Introduction 

1.1  Motivation 

Polymer blending is a commonly used method to achieve new polymeric materials with 

better mechanical performance, processing behavior and lower cost compared with a single 

component polymer.1,2 Due to the high molecular weight and unfavorable interactions between 

the polymer pairs, polymer components in the blends are mostly immiscible or partially 

miscible.3 Therefore, multiphase morphologies with micron-scale domain size are developed 

based on the different blend compositions, physical properties of the polymer components (e.g. 

melt viscosities and interfacial tensions at the processing temperature) and even the processing 

conditions. The typical morphologies of polymer blends can be categorized into four different 

types: droplet/matrix, fiber/matrix, lamellar and cocontinuous structures.4,5  

Among these morphologies, cocontinuous structure is particularly interesting due to its 

significantly improved mechanical properties (e.g. elastic modulus) over other structures.6 More 

importantly, thanks to the continuously percolated and interpenetrated structure of each phase, the 

cocontinuous structure has been applied to the manufacture of conductive plastics7,8,9 when an 

inherently dissipative polymer10 is introduced as one polymer component. In addition, when one 

continuous polymer phase is removed with solvent extraction or etching, the remaining porous 

polymer could be used, for example, as membrane for bio-chemical filtration or as a tissue 

scaffold.11,12,13 A three-dimensional reconstruction of a cocontinuous low density polyethylene 

(LDPE)/polyethylene oxide (PEO) blend with the corresponding two phase extracted porous 

structures, imaged by laser scanning confocal microscopy (LSCM), is shown in Figure 1.1.14 
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Figure 1.1 3D reconstruction of a cocontinuous LDPE/PEO blend, as imaged via LSCM and 
shown also separated into porous polymer of each continuous phase after phase extraction.14 

Cocontinuous polymer blends are mainly derived from two different processes. Melt 

compounding of two immiscible polymers is the most versatile way and widely applied in 

industry. In addition, the demixing process of partially miscible systems (e.g. two polymer 

components with a lower critical solution temperature (LCST) or upper critical solution 

temperature (UCST)) by spinodal decomposition is another well investigated method to achieve 

the cocontinuous structure.15,16 Regardless which method is used, the cocontinuous structure is 

inherently unstable; it would coarsen to larger domain size during post compounding (e.g. 

annealing at the processing temperature).17,18 The coarsening and coalescence of neighboring 

domains of the same phase can lead to different sizes, shapes and spatial distribution of the 

domains of the cocontinuous structure, thereby affecting the final material properties.5 Hence, 

stabilization of the thermodynamically unstable phase morphology during post-compounding 

processes is crucial for the application of cocontinuous polymer blends.  

In order to control and optimize the phase morphology, interfacial modifiers called 

compatibilizers are often added19,20,21,22 or generated3,23,24 to suppress coarsening and enhance 

interfacial adhesion. Typical compatibilizers are block or grafted copolymers, which contain two 
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blocks miscible with the corresponding two phases in the cocontinuous polymer blends. For 

example, as shown in Figure 1.2, Bell and coworkers22 found that the coarsening of polystyrene 

(PS)/high density polyethylene (HDPE) (50/50 wt%) cocontinuous blends could be effectively 

suppressed by introducing 1wt% of PS-b-PE diblock copolymer during melt compounding. They 

attributed the stabilization of the cocontinuous morphology to the reduction in interfacial tension 

via the block copolymer addition. Besides direct addition of compatibilizers during melt 

compounding, the reactive compatibilization, in situ formation of compatibilizers during the melt 

compounding via coupling reactions between functional groups at the interface of the two 

polymer phases,3,23,24 is also well studied. For example, Trifkovic and coworkers3 found that the 

cocontinuous morphology of maleic anhydride polyethylene (PE-g-MA)/poly(ethylene oxide) 

(PEO) blends could be stabilized by the formation of PE-PEO graft copolymers at the interface 

during melt compounding. The coarsening suppression effect was due to reactive coupling of the 

OH groups on PEO with the anhydride groups on PE-g-MA resulting in reduced interfacial 

tension. However, the traditional compatibilization strategies mentioned above are typically 

costly since the added block copolymers need chemically sophisticated synthesis to prepare and 

the reactive generated copolymers are only suitable for specific polymer pairs.25  

An alternative method to stabilize the cocontinuous polymer blends is localizing 

nanofillers at the interface of two phases.26 This idea is derived from the widely studied particle-

stabilized oil/water type Pickering emulsions27 as shown in Figure 1.3 (a). Over one century ago, 

Ramsden28 and Pickering27 found that a small proportion of fine solid particles can replace 

surfactants to stabilize low viscosity fluids emulsions. Whereas surfactants and block copolymers 

absorb at the interface of two fluids due to their amphiphilic chemical structure, solid particles 

can be trapped at interface by reducing interfacial tension between two fluid phases.25,26 Thus, one 

specific kind of solid particle or nanofiller could stabilize several different pairs of cocontinuous 

polymer blends. Thanks to their wide availability and versatility, different kinds of nanofillers 
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such as silica nanoparticles29,30,31,32, clays33,34 and carbon blacks35,36 have been applied to jam at 

interfaces to control the morphology of cocontinuous polymer blends as shown in Figure 1.3 (b).  

 

Figure 1.2 Scanning electron microscope (SEM) images of 50/50 wt% PS/PE cocontinuous 
blends without (a, b) and with (c, d) 1wt% 40K PS-b-PE diblock copolymer. The PS phase was 
selectively removed by immersing each sample in toluene. (a) and (c) represent blends quenched 
immediately after melt compounding, while (b) and (d) represent blends annealed for 15 min at 
170 oC.22  

Although there has been research in stabilizing cocontinuous polymer blends with 

interfacial nanofillers during the last decade, to the best of our knowledge, very few studies have 

been conducted to investigate the fundamental questions regarding stabilization mechanism and 

structure-processing-property relationships. In this thesis, the following fundamental problems 

are systematically studied: 

1) The dynamics and mechanism by which interfacial nanofillers suppress the coarsening 

and stabilize the cocontinuous morphology during annealing;   
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2) The quantitative relationship among the morphology change, the dispersion of nanofillers 

at the interface and the rheological variation during coarsening of the cocontinuous 

polymer blends; 

3) The correlation between the wettability of an individual particle at the interface and the 

coarsening suppression ability of these interfacial particles;  

4) The effects of melt processing parameters (e.g. melt compounding sequences, melt 

compounding time and shear rate) as kinetic factors on nanofillers migration and 

localization in the cocontinuous polymer blends and the corresponding different 

morphology stabilization effects. 

In addition to the fundamental importance related to the compatibilization mechanism of 

interfacial nanofillers, the choice of graphene—a two dimensional (2D) nanofiller with superior 

electrical properties—as the interfacial nanofiller to stabilize the cocontinuous polymer blends 

provides a new direction for preparing ternary conductive polymer composites with ultralow 

electrical percolation threshold. More importantly, the conductivity of these ternary composites 

provides a convenient method to study the graphene migration during melt compounding and 

graphene distribution change at the interface during annealing.  

 

Figure 1.3 (a) Schematic of particle-stabilized oil/water Pickering emulsions: The yellow 
droplets represent oil, while the light blue matrix is water. The blue spheres are the solid particles 
jammed at the interface. (b) Schematic of particle-stabilized cocontinuous polymer blends: The 
black spheres represent nanoparticles jammed at the interface between two polymer phases. 
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1.2  Thesis overview 

As mentioned earlier, this thesis aims to systemically investigate the structure-

processing-properties relationships of nanofiller-stabilized cocontinuous polymer blends and 

explore the fundamental questions on the stabilization mechanism of interfacial nanofillers as 

compatibilizers. We have employed different nanofillers (e.g. silica nanoparticles, reduced 

graphene oxide and graphene) in concert with partially miscible and immiscible polymer pairs as 

the model systems to study the mechanism by which interfacial nanofillers suppress the 

coarsening and stabilize the cocontinuous morphology.  

Chapter 2 describes dynamics and rheology of particle-stabilized cocontinuous polymer 

blends during coarsening. Here, we experimentally achieved a partially miscible cocontinuous 

polymer blends composed of styrene trimer and low molecular weight polybutene via spinodal 

decomposition. Fluorescent hydrophobic silica nanoparticles were employed to jam at the 

interface to stabilize the cocontinuous morphology during coarsening. Thanks to the low viscosity 

of this system at room temperature, real-time observation of coarsening and coalescence 

dynamics in the particle-stabilized cocontinuous polymer blends was for the first time achieved 

via laser scanning confocal microscopy. We demonstrated that the coarsening suppression arises 

from coverage of interfaces by nanoparticles. By combing confocal microscopy with rheology 

measurements, we provided the first quantitative relation between the change of morphology, the 

interfacial particle coverage and the shear modulus during coarsening. We found that the 

rheological behavior can be attributed to the competition between interface shrinkage and particle 

network formation. Moreover, we revealed a previously unnoticed increase in the elastic modulus 

of the system during rheology time sweep that can be attributed to the rearrangement of 

interfacial particles at long time scales. 

Chapter 3 documents the stabilization effects of cocontinuous polymer blends via 
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nanofillers with different wetting properties at the interface. In this work, silica nanoparticles with 

different hydrophobicities were melt compounded in polyethylene/poly(ethylene oxide) 

immiscible cocontinuous blends. Calculated wetting coefficients of these particles match well 

with their phase contact angles and their locations in the blends. We demonstrated that a 

monolayer of particles jamming at interfaces can effectively suppress coarsening and stabilize the 

cocontinuous morphology. We also correlated the wettability of individual particles at the 

interface to their coarsening suppression ability. Moreover, during annealing, we used the 

rheological dynamic time sweep, a facial but sensitive method, to relate the morphology change 

with particle dispersion on the interface. We further corroborated these measurements by 

scanning electron microscopy and confocal microscopy imaging.  

Chapter 4 presents the work on a conductive polymer composite composed of 

cocontinuous polymer blends with conductive nanofillers jammed at the interface. Here, we 

created polylactic acid and polystyrene cocontinuous blends filled with thermally reduced 

graphene oxide (r-GO) which thermodynamically localized at the interface. The resulting 

conductive composite showed dramatically improved conductivity at low filler loadings and an 

ultralow percolation threshold of 0.05 wt%. We systematically studied the changes of 

conductivity and rheology of the composites during annealing. We found that r-GO transfers from 

the pre-mixed polylactic acid phase to the interface during melt compounding and annealing and 

forms a 3D network, which effectively suppresses the coarsening of the cocontinuous structure. 

Our study demonstrated that the 3D r-GO network significantly increases the conductivity and the 

storage modulus of the melt blends. Finally, we constructed a simple model, which quantitatively 

explains the correlations between structural, electrical and rheological properties of conductive 

polymer composites.  

Chapter 5 discusses the effect of kinetic factors during melt compounding on the 

migration and localization of graphene in the cocontinuous polymer blends. In this study, the non-
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functionalized graphene nanoplates were kinetically trapped at the interface of the polylactic acid 

and polystyrene cocontinuous polymer blends controlling melt compounding sequences, mixing 

time and shear rate. Combining morphology, rheology and conductivity data, we systemically 

investigated the effect of compounding sequence and melt compounding time on graphene 

localization and coarsening suppression of polymer blends during annealing. We found that when 

graphene nanoplates were premixed with the thermodynamically less favorable phase and then 

mixed with the other phase with shorter melt compounding time, the graphene in the blends gave 

rise to higher interfacial graphene percentage and more effective morphology stabilization effect 

during annealing. 

Finally, Chapter 6 summarizes my study and offers a perspective on future research 

directions. The appendices provide additional information concerning experimental methods and 

results beyond the scope of the chapters. Appendixes A, B and E discuss different image analysis 

methods for 2D and 3D confocal and scanning electron microscopy images, respectively. 

Appendix C discusses the quantitative analysis and the general relationship of coarsening of 

various cocontinuous polymer blends. Appendix D contains the experiment procedure and results 

of direct melt compounding of reduced graphene oxide with cocontinuous polymer blends. 

Appendix F discusses the effect of melt compounding shear rate on the graphene dispersion and 

migration in the cocontinuous polymer blends described in Chapter 5. Appendix G contains the 

rheology of polystyrene/graphene composites. Appendix H presents TEM images to show 

interfacial graphene nanoplates in different orientations.  
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Chapter 2: Dynamics and Rheology of Polymeric 
Bijels* 

2.1 Introduction  

Cocontinuous polymer blends are composed of two immiscible or partially miscible 

polymers in two interpenetrating domains.5 In contrast to the more accessible droplet-matrix 

morphology, cocontinuous morphology can impart superior material properties to composites 

such as enhanced mechanical modulus, impact and electrical conductivity.5 Moreover, after 

extracting one phase, cocontinuous polymer blends become porous membranes, which have been 

used as lithium battery separators37, supporting substrates for catalysts38 and scaffolds in tissue 

engineering39,40. Given their importance, it is not surprising that there is growing interest in 

research of cocontinuous polymer blends.5,3,41 

For two immiscible polymers, cocontinuous blends can be achieved by mechanically melt 

mixing.5,41 Partially miscible polymer blends with a miscible region can also form the 

cocontinuous morphology via the demixing process from spinodal decomposition.42,43 Regardless 

the specific route, however, the resulting cocontinuous morphology is intrinsically unstable due to 

its non-equilibrium nature. Left alone, interfaces between the two polymers will coalesce and the 

cocontinuous structure will reduce to droplet-matrix morphology.3,44 To stabilize cocontinuous 

morphologies, a creative strategy exploiting nanoparticles has been proposed. Nanoparticles 

trapped at the interface by capillary forces can effectively suppress the coarsening of polymer 

phases during annealing and stabilize the cocontinuous morphology. For example, Composto et 

al. trapped PMMA grafted silica nanoparticles (SNP) at the interface of a partially miscible  

* Reproduced in part with permission from (L. Bai, J. W. Fruehwirth, X. Cheng and C.W. 
Macosko, “Dynamics and rheology of nonpolar bijels”, Soft Matter, The Royal Society of 
Chemistry) 
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polymer  blend,  poly(methyl methacrylate)/poly(styrene-co-acrylonitrile)  (PMMA/SAN),  which 

led to cocontinuous morphology after spinodal decomposition with particles jammed at the 

interface.30,31,32 

Although a few particle-stabilized cocontinuous polymer blends have been achieved in 

experiments, to our knowledge no studies have been conducted to systematically investigate 

dynamics of morphology change, the degree of interfacial particle coverage and the rheological 

variation during coarsening of particle-stabilized cocontinuous polymer blends. In contrast, the 

dynamics of cocontinuous morphology has been recently investigated in the so-called “bi-

continuous interfacially jammed emulsion gel” or “bijel”. Bijels are composed of two 

interpenetrating low-viscosity fluids in a cocontinuous structure, which is stabilized by an 

interfacial colloidal monolayer through spinodal decompostion.45,46 The low viscosity of fluid 

phases in a bijel, i.e. water/2,6-lutidine (W/L)46,47 and nitromethane/ethylene glycol (NM/EG)48,49, 

enables direct study of the dynamics of interfacial particles during coalescence and the formation 

of cocontinuous structure. Here, to exploit the unique feature of bijel systems in the study of 

polymeric cocontinuous structure, we bridged the separate studies from polymer and colloid 

fields by introducing a novel polymeric bijel composed of two low molecular weight polymers or 

oligomers. The system allows us for the first time to investigate the microscopic dynamics of 

interface coalescence in polymer blends and access the change of particle interfacial coverage in 

real time.  

Specifically, we used a polystyrene trimer (PS) and a low molecular weight polybutene 

(PB), which show an UCST phase separation and have a viscosity low enough at room 

temperature to be suitable for direct imaging. We introduce hydrophobic silica nanoparticles (B-

SNP) to stabilize cocontinuous morphology through spinodal decomposition. The new PS/PB 

polymeric bijel system has several unique advantages: First, as already explained, when 

compared with particle-stabilized high molecular weight cocontinuous polymer blends, i.e. 
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PMMA/SAN system, PS and PB are viscous liquids at room temperature, thus facilitating real 

time observation of coalescence under confocal microscopy. Second, compared with conventional 

bijels, i.e. W/L and NM/EG bijels, the PS/PB polymeric bijel has higher viscosity at room 

temperature (~ 10 − 102 Pa·s), and its chemical structure and coalescence dynamics are more 

directly relevant to that of particle-stabilized high molecular weight cocontinuous polymer blends 

(Figure 2.1). Third, different from conventional bijels which contain polar components such as 

water46,47 and ethylene glycol48,49, both PS and PB used in the polymeric bijel are nonpolar, which 

share similar polarities with most high molecular weight polymeric blends formed at high 

temperature (Figure 2.2).50 Thus, our study can be seen as the first attempt to bridge two separate 

fields, which may stimulate further investigations on the universal properties of the cocontinuous 

blend in widely different systems.    
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Figure 2.1 Viscosity range of conventional W/L and NM/EG bijels50, PS/PB polymeric bijel and 
particle-stabilized high molecular weight PMMA/SAN cocontinuous polymer blends30,31,32.  

 

Figure 2.2 Comparison of components polarities in different cocontinuous blends systems. The 
polarities of compoents are quantified by the solubility parameter, δ. The values of δ are: water 
(W, 23.4), 2,6-ludine (L, 10.6), nitromethane (NM, 12.3), ethylene glycol (EG, 16.3), styrene 
trimers (PS, ~ 9.2), polybutene (PB, 7.9), poly(methyl methacrylate) (PMMA, 9.2) and 
poly(styrene-co-acrylonitrile) (SAN, ~ 10.9).51,52  

  



 

 
13 

 

2.2 Experimental Section 

2.2.1 Materials 

Low molecular weight hydrocarbon resin composed of styrene trimer (PS, Piccolastic A5 

Hydrocarbon Resin, Mn = 300, PDI = 1.2, Eastman) and polybutene (PB, PB-24, Mn = 950, 

Soltex) were used as received. Physical properties of these two nonpolar materials and the 

synthesized silica nanoparticles (SNP) are listed in Table 2.1.  

Table 2.1 Material properties of polymers and silica nanoparticles 

Materials Viscosity at 25 oC (η∞, Pa s) Density (ρ, g/cm3) Refractive index, n(20/D) 

PS-A5 33.4 0.96 1.52 ~ 1.55 

PB-24 24.1 0.89 ~ 1.49 

SNP NA 2.2 ~ 1.544 

2.2.2 Particle Synthesis  

We used the well-known Stober method to synthesize monodisperse fluorescent 

hydrophilic silica nanoparticles (P-SNP).53,54 Before synthesis, fluorescent cores were prepared by 

addition of 28 mg of rhodamine B isothiocyanate (RITC, Sigma-Aldrich) to a solution of 5 mL 

anhydrous ethanol and 44 mg 3-aminopropyltriethoxysilane (APTES, Sigma-Aldrich). The dye 

solution was then stirred overnight in a 25 mL round-bottom flask at room temperature. The 

particles were synthesized by adding 7.7 mL ammonia (29% w/w, Sigma-Aldrich), 4.6 mL DI 

water, 7.7 mL tetraethylorthosilicate (TEOS, > 99%, Sigma-Aldrich) and 5 mL fluorescent core 

suspension to 176 mL of anhydrous ethanol, and stirring the reaction for 6 h in a 500 mL round-

bottom flask at room temperature. Particle size distribution was characterized by dynamic light 

scattering (DLS, Brookhaven Instruments Corp. NanoBrook 90Plus Zeta Particle Size Analyzer): 
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the hydrodynamic diameter = 102 nm ± 4 nm. Scanning electron microscopy (SEM, JEOL 

6500F) was also used, which confirmed the diameter of the dry particles at ~100 nm.  

Hydrophobic modification of the fluorescent P-SNP was achieved via 

hexamethyldisilazane (HMDS, 98%, Alfa Aesar).48,49 An appropriate amount of HMDS was 

directly added to the reaction mixture of the synthesized P-SNP. The mixture was stirred for 5 

days to accomplish the silanization reaction. The fluorescent hydrophobic silica nanoparticles (B-

SNP) were subsequently washed twice with ethanol to remove unreacted chemicals and excess 

fluorescent dye. Finally, the B-SNP was dispersed in tetrahydrofuran (THF) via ultrasonic bath 

for 10 min before further use during preparation of PS/PB/B-SNP bijels.  

2.2.3 Cloud Point Test 

A phase diagram of the PS/PB blend was constructed by measuring transmitted light 

intensity as a function of temperature.55,56 Samples were loaded in a 1 mL ampoule located in a 

hole of an aluminum heat stage, allowed to equilibrate in the one-phase region above the UCST 

of the PS/PB blends and then were cooled to room temperature at a rate of ~ 0.4oC/min. We 

determined the cloud point when the transmitted light intensity decreased to nearly zero (Figure 

2.3 inset). 

Figure 2.3 displays the cloud point curve of neat blend with different weight fractions of 

PS. Due to kinetic effects, the cloud point is usually located between the binodal and spinodal 

line.57 Nevertheless, the cloud point curve reflects the basic phase behavior of the PS/PB blends 

used in this study (dash line in Figure 2.3): UCST locates at ~ 50 oC for 80 wt% PS. Hence, for 

PS/PB neat blends (50/50 wt%) and the corresponding PS/PB/B-SNP bijels, only a deep rapid 

quench can safely suppress the nucleation-growth of the immiscible phase in the metastable 

region and move the sample into the unstable region under the spinodal line, where cocontinuous 

morphology can be formed via spinodal decomposition.15  
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Figure 2.3 Cloud point curve of PS/PB neat blend with different PS composition. The dashed line 
was drawn to guide the eye. The inset illustrates determination of the cloud point for a 50/50 wt% 
neat blend. Transmitted light intensity (photocell voltage) is plotted as a function of temperature. 

2.2.4 Blend Preparation  

Equal amounts of PS and PB were dissolved in a suspension of B-SNP in THF. The 

mixture was dried in an oven at 80 oC for 24 h to remove the THF. The PS/PB/SNP blend were 

denoted by (A/B/x), where A and B represent the weight fraction of PS and PB in the binary blend, 

respectively, and x is the weight fraction of SNP with respect to the total amount of PS/PB 

matrix. In this study, x = 0.5, 2.0 and 4.5 were used. Since the UCST-type phase-separation 

temperature is ~ 40 oC for PS/PB (50/50 wt%) blend (Figure 2.3), the resulting PS/PB/SNP blend 

are homogenous at 80 oC. The PS/PB/SNP (50/50/x) blend was transferred to a sample cell 

(Figure 2.4 (a)) which was preheated to 80 oC. The cell was quenched below the phase-separation 

temperature by placing it between dry ice blocks (− 78 oC) causing the cocontinuous morphology 

to form through spinodal decomposition. 
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Figure 2.4 (a) Top view and cross section of the confocal sample cell: a bottom glass side serves 
as the holder, two pieces of cover glass in the middle as spacers and a cover glass on the top for 
microscope observation. Epoxy (yellow) was used to glue the cover glasses on the bottom slide. 
The sample is contained in the gray region. (b) Top view and cross section of the mold for 
preparing PS/PB/B-SNP blend for rheological measurements: a bottom stainless steel plate 
topped with another stainless steel plate with a central hole 25 mm in diameter. The sample is 
placed inside the hole (gray area). Dry ice in a sandwich structure is used to quench the sample 
into a cocontinuous morphology.   

2.2.5 Confocal Microscopy 

We used laser scanning confocal microscopy (LSCM, Olympus Fluo View 1000) to 

study the dynamics of the PS/PB/B-SNP bijels. Unless explicitly stated, the images were always 

taken at room temperature (20 oC).  

       The refractive index difference between PS, PB and SNP is small enough to allow us to 

image the sample ~30 μm below the coverslip. We used two different laser channels for imaging. 

Picolastic PS in this study was fluorescent when excited by a 488 nm laser beam, allowing the 

two phases to be distinguished in the first channel (green region in Figure 2.5). A second, 563 nm 

laser was used to excite the RITC dye in the SNP, allowing detection of SNP through the second 

channel (red dots in Figure 2.5). Note that due to the small size of the particles, we cannot 

identify individual SNP in our images. The locations of particles were determined within ~ 200 

nm, a limit set by the diffraction of light. 
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Figure 2.5 Confocal images of (a) PS/PB/P-SNP (50/50/4.5) droplet-matrix blend; (b) PS/PB/B-
SNP (50/50/4.5) bijel. The green region is PS, black region is PB and the red dots represent 
particles.  

       To analyze the change of domain size during coarsening, we set a threshold to transform 

the confocal images into binary images. The interface length, Lint, was then obtained by tracking 

the interface between the black and white regions in the binary images. The characteristic domain 

size (ξ) can thus be defined as ξ = S/Lint., where S is the total area of the confocal image. The 

details related to the image analysis were discussed in Appendix A. Similar binary images can 

also been obtained from the second channel with the 563 nm laser. The location of SNP can be 

estimated using this channel. We combined the confocal images from these two channels to 

analyze the degree of interfacial coverage by nanoparticles. In this analysis, we directly compared 

the position of the PS/PB interface from the first channel with the position of nanoparticles from 

the second channel. Interfacial coverage is defined as the fraction of the PS/PB interface that is 

occupied by nanoparticles. Due to the pixel noise of imaging, the following criterion was adopted 

to determine coverage: the PS/PB interface from the first channel is covered by particles only if 

the corresponding pixel or one of the eight nearest neighboring pixels around the corresponding 

pixel from the second channel is occupied by particles. 
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2.2.6 Cryogenic Scanning Electron Microscopy 

       We also used cryogenic scanning electron microscopy (cryo-SEM) to visualize the 

location of B-SNP. Cryo-SEM images were taken using a Hitachi SU8320 field emission gun 

scanning electron microscope with Leica Cryostage. The PS/PB/B-SNP bijel was first placed in a 

small capillary, which was then quenched in liquid nitrogen. Afterwards, we transferred the 

capillary to a preparation chamber (−160 oC), where the sample was fractured then coated with a 

thin platinum layer. Finally, the sample was transferred to the cryo-SEM chamber (−130 oC) 

under high vacuum for SEM imaging.  

2.2.7 Rheological Characterization  

       Rheological measurements of the PS/PB neat blend and the PS/PB/B-SNP bijels were 

performed on a rotational rheometer (AR-G2, TA Instruments) with a Peltier temperature control 

stage as the bottom plate. We used the parallel plate geometry with a diameter of 25 mm and a 

gap height of 400 μm. PS/PB/B-SNP bijels was formed by quenching from 80 oC to -78 ºC in a 

sandwich structure by dry ice blocks (Figure 2.4 (b)). Afterwards, we removed the spacer and 

transferred the disk-shaped sample on the plate holder to the Peltier stage (0 oC) of the rheometer. 

After setting the gap and stabilizing the plate holder on the stage with thermally conductive tape, 

the sample was heated back to room temperature (20 oC) to take a dynamic time sweep at 0.1% 

strain and 1 rad/s. Frequency sweeps were also performed from 0.02 to 100 rad/s. 
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2.3 Results and Discussion  

2.3.1 Wetting Coefficient  

       Even though cocontinuous morphology can be achieved for the neat PS/PB blends via 

spinodal decomposition by a deep quench, the cocontinuous structure quickly coalesces and 

collapses to droplet-matrix morphology. To stabilize the cocontinuous morphology, we tested 

silica nanoparticles with different wetting properties. For hydrophilic silica nanoparticles (P-

SNP), the PS/PB/P-SNP (50/50/4.5) blend gave droplet-matrix morphology (Figure 2.5 (a)). The 

particles aggregated in the PS phase. In contrast, cocontinuous morphology was achieved when 

the hydrophobic silica nanoparticles (B-SNP) were used (Figure 2.5 (b)). The cryo-SEM images 

in Figure 2.6 show that the particles are located at the interface between the two phases and form 

monolayers.  

Trapping hydrophobic particles at the interface can be easily understood from a 

thermodynamic perspective. According to Youngʹs equation25,58, the wetting coefficient ω is 

defined as,  

 cos − −

−

−
= = Si PS Si PB

PS PB

γ γω θ
γ

                                             (2.1)                                    

where θ is the particle contact angle at the interface (Figure 2.7), γPS-PB is interfacial tension (or 

interfacial energy) between PS and PB, and γSi-PB and γSi-PS are the interfacial tensions (or 

interfacial energies)between the particle and PB and PS, respectively. The criterion for locating 

particles at the interface is −1 < ω < 1 (0o < θ < 180o). Particles are located in the PB phase when 

ω > 1 and in the PS phase when ω < −1. We used the Owens-Wendt Equation to estimate the 

interfacial tensions.26,59  

2 2− = + − −d d p p
PS PB PS PB PS PB PS PBγ γ γ γ γ γ γ                               (2.2) 
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where 𝛾𝛾𝑖𝑖𝑑𝑑 and 𝛾𝛾𝑖𝑖
𝑝𝑝 are the dispersive and polar parts of the surface tension of component i in the 

system, which are available in the literature for PB, PS, P-SNP and B-SNP (Table 2.2).58,59 From 

Eq. (2.1) and (2.2), the wetting coefficients for PS/PB/P-SNP and PS/PB/B-SNP blends are −4.65 

and 0.12, respectively. These results agree with the experimental observation in Figure 2.5, i.e., 

P-SNP aggregate in the PS phase while B-SNP locate at the interface. Moreover, from the cryo-

SEM results we estimate, very roughly, the contact angle at ~ 90o for the B-SNP on the interface 

of PS and PB (e.g the circled particle in Figure 2.6 (d)) which agrees well with the predicted 

value of 83.1o calculated from Eq. (2.1).  

 

Figure 2.6 Cryo-SEM images of the PS/PB/B-SNP (50/50/4.5) bijel. (b) and (d) are magnified 
views of the rectangular regions indicated in (a) and (c). The white arrow indicates particles 
bridging two domains. The red arrows mark individual silica particles or a crater formed by one. 
The lines on the circled particle are through the cracks on each side of the particle, which likely 
run through the interface. The scale bar is 500 nm. 
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Figure 2.7 Schematic of a spherical silica nanoparticle at the interface between PS and PB. 

Table 2.2 Surface tensions and wetting coefficients of the blends 

System Interfacial tension (mN/m)* ω Particles location  

 

PS / PB /P-SNP 

PS / PB 6.21  

−4.65 

 

PS phase PS / P-SNP 21.67 

PB / P-SNP 50.74 

 

PS / PB /B-SNP 

PS/PB 6.21  

0.12 

 

interface PS / B-SNP 1.37 

PB / B-SNP 2.10 

* The surface tensions of each component are (in mN/m): γPS = 40.7 (𝛾𝛾𝑃𝑃𝑃𝑃𝑑𝑑 = 34.5, 𝛾𝛾𝑃𝑃𝑃𝑃
𝑝𝑝 = 6.1), γPB = 

33.6 (𝛾𝛾𝑃𝑃𝑃𝑃𝑑𝑑 = 33.6, 𝛾𝛾𝑃𝑃𝑃𝑃
𝑝𝑝 = 0), γP-SNP =80.0 (𝛾𝛾𝑃𝑃−𝑃𝑃𝑆𝑆𝑃𝑃𝑑𝑑 = 29.4, 𝛾𝛾P−SNP

𝑝𝑝 = 50.6), γB-SNP =32.0 (𝛾𝛾B−𝑃𝑃𝑆𝑆𝑃𝑃𝑑𝑑 = 30.0, 
𝛾𝛾B−𝑃𝑃𝑆𝑆𝑃𝑃
𝑝𝑝 = 2.0).58,59 

2.3.2 Dynamics of Coarsening  

  Figure 2.8 (a) shows the characteristic domain size (ξ) plotted against annealing time at 

room temperature for both the neat blend and PS/PB/B-SNP bijels with different particle 

loadings. As can be seen from the inset of Figure 2.8 (a), the neat blend shows a continuous 

increase in domain size. The change of morphology for the neat blend is shown in Figure 2.9 (a), 

which displays the change from an initial cocontinuous structure with small domain size to a final 

drop-matrix structure.  

In contrast, the characteristic domain size of the PS/PB/B-SNP (50/50/0.5) bijel increases 
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initially then plateaus at later times (Figure 2.8 (a)). With low particle concentration (0.5 wt%) 

the cocontinuous structure is stabilized with a large domain size (Figure 2.9 (b)). Similar trends 

were observed when the weight fraction of particles is increased to 2.0 wt% and 4.5wt% (Figure 

2.8 (a)). In these cases, the cocontinuous morphology changes much less during annealing and 

stabilizes at a smaller domain size (Figure 2.9 (c)), indicating that coarsening of the cocontinuous 

morphology is more effectively suppressed. 

Although previous studies on conventional bijels46,49 have qualitatively shown the change 

of morphology during coarsening using confocal microscopy, the increase of interfacial particle 

coverage has not been quantitatively analyzed. Here, to unambiguously demonstrate the effect of 

particles in stabilizing the cocontinuous structure, we quantify interfacial particle coverage (SNP 

%) using the algorithm described in Figure 2.8 (b) shows SNP% as a function of annealing time. 

The B-SNP (red dots in Figure 2.9 (b) and (c) when t = 2 s) are sparsely distributed on the 

interface of the blends at the beginning of annealing. The initial coverage depends on initial 

particle concentration (Figure 2.8 (b)). As the interfacial area shrinks with annealing, coverage 

increases. The correlation between the morphology of the blends and interfacial particle coverage 

is most pronounced when comparing Figure 2.8 (a) and (b): the increase of interfacial coverage is 

accompanied by a slow-down of coarsening. Interfacial particle coverage reaches a plateau 

around the time when domain size also reaches a constant. The plateau value in interfacial 

coverage is approximately the same for all three initial particle concentrations, but slightly 

smaller than 100%, presumably due to the finite resolution and pixel noises of our imaging.  
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Figure 2.8 (a) Characteristic domain size (ξ) as a function of annealing time for PS/PB neat blend 
(inset) and PS/PB/B-SNP bijels with different weight fraction of particles at 20 oC ; (b) Interfacial 
particle coverage as a function of annealing time for PS/PB/B-SNP bijels with different weight 
fraction of particles at 20 oC. The dashed lines in both figures are exponential fits (Table 2.3).  
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Figure 2.9 Confocal images from real-time observation of (a) PS/PB neat blend, (b) PS/PB/B-
SNP (50/50/0.5) bijel and (c) PS/PB/B-SNP (50/50/4.5) bijel. The scale bar is 40 μm.  
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Cheng and Velankar60 showed that interfacial particles collect into patches on interfaces 

of nonpolar drops. Figure 2.10 demonstrates that patches form on our PS/PB polymeric bijels. In 

the early stage of coarsening (t = 30s and 60s), particles cannot fully cover the interface and form 

patches because of the existence of capillary forces between neighboring particles. However, in 

polar bijels, particles sparsely distribute on the interface rather than form patches because 

electrostatic repulsion (Coulomb or dipole-dipole interaction) can balance capillary 

attraction46,60,61. In the late stage of coarsening (t = 150s and 300s), neighboring patches merge 

together with the shrinkage of interfacial area and form the fully covered monolayer of interfacial 

particles shown in the cryo-SEM images (Figure 2.6). It is worth noting that the diameter of SNP 

used in the experiment (~ 100 nm) is smaller than the size of each pixel (~ 330 nm) in the binary 

images which is limited by the resolution of optical microscopy. 

To quantitatively correlate the change of morphology and particle configurations in 

bijels, we fit the dynamics of domain size (ξ) and interfacial particle coverage (SNP %) with a 

simple exponential function: 

𝑦𝑦 = 𝑦𝑦0 + 𝐴𝐴𝑒𝑒−(𝑡𝑡−𝑡𝑡0)/𝜏𝜏                                                 (2.3) 

where y can be ξ or SNP %, y0 is their plateau value. A, t0 and τ are fitting parameters where τ is 

the relaxation time of the process. As shown in Table 2.3, the domain size and the interfacial 

particle coverage show similar relaxation times illustrating the direct correlation between 

interfacial coverage and stabilization of cocontinuous morphology. Furthermore, the results also 

show that a higher particle concentration leads to a faster suppression of the coarsening. 

When particles cover the interface (plateau in Figure 2.8 (b)), they suppress and even 

prohibit coarsening in three possible ways. First, interfacial particles increase the rigidity of the 

cocontinuous interface. The increase in rigidity decreases deformability of the interface, thus 

retarding shrinkage of interfacial area. When the interface is full of particles, it cannot further 

shrink and coarsening of the interface stops (morphology changes in Figure 2.9 (b) and (c)). 
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Second, “interfacial jamming” — a mechanism that also prevents the coalescence of Pickering 

emulsions26,62— enables the particles form a solid barrier at the interface which provides steric 

hindrance to the coalescence of contacting domains from the same phase. Third, “particle-

bridging”63,64,65,66, which means a monolayer of particles simultaneously bridges across two 

domains from the same phase to prevent their coalescence, is also responsible for stabilization of 

cocontinuous morphology (white arrow in Figure 2.6 (a)). The first mechanism clearly provides 

the main contribution to morphology stabilization. As seen in Figure 2.5 (b), Figure 2.6 and 

Figure 2.10, most of the particles on the interface neither form a steric barrier to induce 

“interfacial jamming” nor are they adsorbed across two interfaces to induce “particle-bridging”. 

On the other hand, at the cessation of coarsening full coverage of particles on the interface can be 

observed throughout the system. Quantitatively, the correlation between the stabilization of the 

morphology and the change of interfacial particle coverage in Figure 2.8 also provides strong 

support to the first mechanism.   

 

Figure 2.10 Binary confocal images of the PS/PB/B-SNP (50/50/0.5) bijel during coarsening. 
Red arrows mark “patches”, localized regions of high particle concentration in the interface, 
which merge into fully covered interfaces during coarsening. Images in the first row were created 
using the 563 nm laser which reflects the location of SNP. Images in the second row were derived 
by tracing perimeters of the fluorescent PS domains with 488 nm laser. The scale bar is 10 μm.  
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Table 2.3 Characteristic times from exponential fitting of characteristic domains size, interfacial 
coverage by particles and storage modulus (Gʹ) 

PS/PB/B-SNP 

bijel (50/50/x) 

Characteristic times (s) 

from domain size  

(τ in Eq. (2.3)) 

from interfacial coverage  

(τ in Eq. (2.3)) 

from Gʹ time sweep 

(min. values of Gʹ) 

0.5 wt% 89.2 ± 9.2 81.5 ± 11.3 143.5 ± 15.0 

2.0 wt% 105.1 ± 9.8 67.5 ± 13.2 104.0 ± 15.0 

4.5 wt% 76.8 ± 13.6 39.8 ± 14.1 26.0 ± 15.0 

2.3.3 Rheology of PS/PB/B-SNP polymeric bijels  

While confocal microscopy illustrates the dynamics of morphology change during 

coarsening, rheological measurement allows us to explore the influence of morphology on the 

mechanical properties of the nonpolar bijel. We measured the storage (Gʹ) and loss (Gʹʹ) moduli 

of PS/PB/B-SNP bijels during coarsening at room temperature and correlated the rheology with 

the dynamics of cocontinuous structure from confocal imaging. Three different mechanisms 

contribute to the storage modulus (Gʹ) of PS/PB/B-SNP bijels: elasticity of the PS and PB 

components (Gʹ comp), capillary restoration due to bending of the bare interfaces (Gʹ int) and the 

particle network at the interface (Gʹ SNP).41 Since Gʹ comp from the PS and PB components are small 

(~ 0.1−1Pa), we can safely neglect its contribution. Therefore, Gʹ ≈ Gʹ int + Gʹ SNP.  

The time evolution of Gʹ of PS/PB neat blend and PS/PB/B-SNP bijels during annealing 

at room temperature is shown in Figure 2.11. The rheological behavior of PS/PB (50/50 wt%) 

neat blend during the time sweep is similar to many cocontinuous polymer blends during 

annealing,41,67 namely, an apparent initial decrease of Gʹ followed by a gradual decay with slow 

rate to reach a plateau at long times. The decrease of elasticity is due to shrinkage of interfacial 
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area with reducing curvature and finally breakup of the cocontinuous structure into droplets.  

 

Figure 2.11 Storage moduli (Gʹ) as a function of annealing time for PS/PB (50/50 wt%) neat 
blend and PS/PB/B-SNP bijels with different particle loadings. All data were measured at 20 oC, 
1 rad/s and 0.1% strain. The dashed lines are exponential fits. The times for the minimum values 
of Gʹ and the rate of increase in Gʹ with annealing time are also indicated. 

The rheological behavior of PS/PB/B-SNP bijels is quite different from that of the neat 

blend: a rapid Gʹ decrease in the beginning is followed by a large increase, which eventually 

plateaus with a plateau value much larger than that of the neat blend. The variation of Gʹ with 

annealing time directly reflects the underlying structural changes in the blend and can be 

qualitatively understood based on the competition between two opposite structure-induced 

rheological changes. As shown in Figure 2.8 and Figure 2.9, during coarsening, interfacial area 

shrinks with the increase of domain size, leading to the decrease of Gʹint. Meanwhile, particle 

patches form and grow, stiffening the interface, resulting in an increase of GʹSNP. For the 
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PS/PB/B-SNP (50/50/4.5) bijel, the minimum of Gʹ occurs at 26 s followed by a steep increase 

(slope = 0.22 Pa/s). When particle loading is reduced, the minimum of Gʹ appears at a later time 

(104 s for 2.0 wt% B-SNP and 143 s for 0.5 wt% B-SNP). The increase of Gʹ also becomes much 

slower (slope = 0.07 Pa/s for 2.0 wt% B-SNP and 0.03 Pa/s for 0.5 wt% B-SNP). Therefore, the 

effect of GʹSNP gradually decreases with the decrease of particle loading. The annealing time at the 

minimal Gʹ characterizes the structural change of cocontinuous phases, which qualitatively 

matches the time scale measured from direct imaging (Table 2.3). In addition, blends with higher 

particle loading and smaller domain size also have larger elastic modulus (Gʹ plateau value in 

Figure 2.11). Similar results were also observed in the polar bijels46,48,50. 

After the morphology stabilized the elastic moduli were measured as a function of 

frequency. Figure 2.12 shows, as does Figure 2.11, that Gʹint >> GʹSNP over the entire frequency 

range. The power-law relation of Gʹ at low frequencies (ω < 1 rad/s) and the fact that these 

terminal slopes are much smaller than 2 are rheological signatures of cocontinuous blends41,43,67.  

Comparing the morphology change in Figure 8 (a) and the rheology response in Figure 

11, we found a surprising effect: Gʹ for all three PS/PB/B-SNP bijels continues to increase at long 

time scales. For blends with different particle loadings, the cocontinuous structure has already 

been stabilized by B-SNP after ~ 250 – 300 s (onset of plateau in Figure 2.8 (a)). However, Gʹ in 

the blends with 0.5 wt% and 2.0 wt% B-SNP slowly increases and plateau ~ 500 s. For the 

PS/PB/B-SNP (50/50/4.5) bijel, the plateau of Gʹ was not reached within our measurement 

window (> 1000 s). A similar trend with a slow continuous increasing of Gʹ during annealing has 

also been observed in polar bijel systems50, although the effect was not explicitly mentioned or 

discussed in the paper.  



 

 
30 

 

 

Figure 2.12 Dynamic elastic moduli (Gʹ) as a function of frequency for PS/PB/B-SNP bijels with 
different weight fractions of B-SNP. All data were measured after 10000 s stabilization from low 
to high frequency at 20oC and 0.1 % strain. 

We hypothesize that the continuous increasing of Gʹ arises from intrinsic slow particle 

rearrangement along the interface of cocontinuous structure long after the morphology has been 

stabilized. The rearrangement leads to denser particle packing on the interface and thus larger Gʹ. 

Due to the small size of B-SNP (~ 100 nm) and the resolution limit of confocal microscopy, the 

rearrangement of particles at the interface cannot be directly observed. However, such 

rearrangement can be picked up by indirect yet more sensitive rheological measurements. In 

addition, the observation that higher particle loading leads to slower increase of Gʹ can also be 

explained by this hypothesis. Indeed, it has been shown that a larger spatial curvature leads to 

more frustrated particle packing and, therefore, slower particle dynamics in the glassy state.68 

Hence, the smaller pore size and the higher interfacial curvature in the PS/PB/B-SNP (50/50/4.5) 

bijel more effectively slow down the particle rearrangement and thus lead to a very slow 
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increasing in Gʹ even after 1000 s annealing (Figure 2.11 and Figure 2.12).   

We do not believe that the slow increase in Gʹ is due to shearing the sample or to 

inhomogeneity. Figure 2.13 shows the same morphology is observed after 15 min of annealing 

with or without shear. Figure 2.14 demonstrates that the increase in Gʹ is independent of when the 

shear was started. Since most of the confocal images were collected within ~ 30 µm of the glass 

cover slip, one might argue that the rheology of the bulk sample could differ. However, Figure 

2.13 (b) was taken from the fracture of a rheology sample which was 400 µm thick and Figure 2.6 

is also from a fractured sample. In addition, the gap size between the two parallel plates (400 µm) 

is much larger than the domain size of cocontinuous blends (~ 10 µm from Figure 2.8 (a)). 

Therefore, we can safely ignore the boundary effect on the rheological measurement. 

In summary, we found a new surprising rheological feature of bijels, which seems to be a 

universal signature of many cocontinuous blends. A hypothesis of slow particle rearrangement 

along highly-curved cocontinuous interfaces has been proposed. We will explore the possibility 

to direct image the particle arrangement along the interface at long time scales using larger 

colloidal particles in future work.  

 

Figure 2.13 Confocal images of the PS/PB/B-SNP (50/50/4.5) bijel: (a) after annealing for 15min 
without shear (b) after annealing for 15min with shear at 1 rad/s, 0.1% strain. The scale bar is 40 
μm. 
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Figure 2.14 Storage moduli (Gʹ) as a function of annealing time for PS/PB/B-SNP (50/50/4.5) 
bijels with different pre-annealing time without shear. All data were measured at 20 oC, 1 rad/s 
and 0.1 % strain. The slopes at different annealing time are illustrated by the arrows in the plot. 

2.3.4 Formation of Monogel   

       Finally, we also observed the formation of monogel in our nonpolar system. When 

PS/PB/B-SNP bijels are reheated from room temperature back to 80 oC, PS and PB remix into a 

single liquid phase. However, the jammed particle monolayer still remains intact where the 

interface existed before remixing (Figure 2.15 (a)). Because the particle framework comprises a 

web of locally planar particle monolayers, this “skeleton” structure has been called a “monogel” 

by Cates et al.69  

Monogel has been observed in conventional polar bijels composed of water and 2,6-

lutidine (water/oil)50,69, where the formation of monogel has been attributed to the stabilization of 

particles in the primary minimum of the DLVO (Derjaguin-Landau-Verweg-Overbeek) 

potential.70 Attractive capillary forces in the water/oil systems overcome electrostatic repulsion 
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and drive particles across the energy barrier of the DLVO potential into the primary van der 

Waals minimum. In the water/oil systems, short-ranged attraction stems from the van der Waals 

force between particles while long-ranged repulsion is due to the weak, negative electrostatic 

charge of the dissociated silanol groups on the surface of hydrophilic particles (P-SNP).69,71 When 

B-SNP were used to stabilize the polar bijels (e.g. bijel of nitromethane and ethylene glycol), the 

HMDS graft layers on B-SNP hindered the formation of monogel.48 This is due to the solvation of 

HMDS layers by the dissociated nitromethane molecules, which enhances the negative 

electrostatic charges on the particles, thus breaking the balance between long-range repulsion and 

short-range attraction and impeding the rearrangement of B-SNP.48 However, in our nonpolar 

polymeric PS/PB bijels, both PS and PB molecules are hardly dissociated and thus do not solvate 

the HMDS graft layers. It is highly possible that the particles in the nonpolar blend experience a 

smaller repulsive barrier compared with that of polar blends and are easily driven to the primary 

minimum by capillary attractions. Therefore, the nonpolar nature of the PS and PB facilitates the 

formation of monogel with B-SNP.  

 

Figure 2.15 Confocal images of the monogel from the PS/PB/B-SNP (50/50/4.5) bijel at 80 oC: 
(a) before shear; (b) after shear. The green region is the remixed single-phase matrix, and the red 
dots represent the hydrophobic particles. The scale bar is 40 μm. 
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 To test the strength of the B-SNP monogel, it was sheared sinusoidally at increasing 

strain amplitude (Figure 2.16). In the first strain sweep, the monogel displays signatures of gel-

like rheology, Gʹ and Gʹʹ are constant at small γ and Goʹ > Goʹʹ. The crossover of Gʹ and Gʹʹ at 

strain of around 1.0 %, is often regarded as the onset of yielding of a solid-like structure. This 

rheological behavior under a strain sweep is also observed in many colloidal gel systems.72,73,74 

However, Goʹ decreased by an order of magnitude after the shear from the first sweep. The great 

decrease in Goʹ can be explained by the morphology change of the B-SNP monogel under shear. 

The particle network is completely destroyed by shear and collapses into clusters of particles 

dispersed in the single phase matrix (Figure 2.15 (b)). Without the process of spinodal 

decomposition serving as a template to guide particles, the dispersed particles cannot re-aggregate 

in the form of locally planar monolayers. Therefore, the breakup of the particle network is 

irreversible. 

 

Figure 2.16 The storage (Gʹ) and loss (Gʹʹ) moduli of the monogel as a function of sinusoidal 
shear strain amplitude (γ). All data were measured at 80oC with a frequency of 1 rad/s.  
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2.4  Conclusions  

We have developed a nonpolar polymeric bijel composed of styrene trimers (PS) and low 

molecular weight polybutene (PB) that is stabilized by a monolayer of hydrophobic silica 

nanoparticles (B-SNP) at the interface. We used these bijels to study the mechanism by which 

interfacial silica nanoparticles suppress the coalescence of cocontinuous polymer blends. 

Interfacial localization of B-SNP was demonstrated using confocal microscopy, and the 

monolayer structure was further confirmed by high magnification cryo-SEM. Real-time dynamics 

of coarsening with different particle loadings were investigated via multi-channel confocal 

microscopy. We have developed a new algorithm to calculate the change of interfacial particle 

coverage with annealing time, and unambiguously demonstrated that interfacial particle coverage 

is the leading factor for the suppression of coarsening and stabilization of cocontinuous structure. 

We also observed that interfacial particles cluster into patches, which merge during coarsening in 

our polymeric bijels. This phenomenon has not been observed in the conventional bijels. 

In addition, we quantitatively correlate morphology and interfacial particle coverage with 

rheology measurements. Competition between the shrinkage of interface and the formation of a 

particle network results in a non-monotonic rheological response of PS/PB/B-SNP bijels in the 

early annealing stage. We also uncovered a slow increase of the storage modulus after the 

stabilization of cocontinuous morphology. By eliminating alternatives, we suggest that such a 

surprising phenomenon is due to the intrinsic slow particle rearrangement on the curved interface. 

One possible direction for future research is to employ a newly-designed confocal rheoscope to 

simultaneously measure rheology, morphology change and particle rearrangement using micron-

size colloidal particles in cocontinuous blends75. Finally, thanks to the nonpolar nature of the 

PS/PB polymeric bijel, we observed the formation of monogel by hydrophobic particles. 

Moreover, the irreversibility of the monogel derived from nonpolar blends under shear was also 
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demonstrated.  

Compared with low-viscosity polar bijels, the styrene trimers and polybutenes used in our 

study are more relevant to polymer blends that have even greater potential for technical 

applications.26 As such, our study on the PS/PB polymeric bijels also opens a door for probing the 

correlation between the dynamics and the rheology of the cocontinuous polymer blends.  
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Chapter 3: Effect of Particle Wettability on the 
Stabilization of Cocontinuous Polymer Blends* 

3.1 Introduction  

Melt compounding of immiscible polymers is an attractive route to obtain high 

performance materials, because polymer blends can greatly improve properties compared with 

their homopolymer components.76,77 Due to the different chemical and physical properties of 

polymer components, blend compositions and processing parameters, immiscible blends can form 

various structures such as droplet-matrix, fiber, lamella and cocontinuous morphology.5,1,2 Thanks 

to its unique applications of the percolated structure (i.e. the manufacture of antistatic 

compounds9), cocontinuous morphology is particularly interesting among these structures. 

However, the cocontinuous morphology is thermodynamically unstable at the processing 

temperature; it would coarsen to larger domain sizes during post-mixing processing (e.g. 

annealing, injection molding and compression molding) and eventually transform into the 

droplet-matrix structure. Therefore, stabilization of the cocontinuous morphology via different 

compatibilization strategies is crucial for its applications.  

One effective method to stabilize the cocontinuous morphology is introducing nanofillers 

in the polymer blends. If the nanofillers prefer to stay in one polymer phase, they can form a 

percolated nanofillers network within the corresponding continuous phase. This would greatly 

increasing the viscosity of polymer blends and slow down coarsening rate.42 This strategy has 

been widely applied to stabilize cocontinuous polymer blends with silica nanoparticles42,78,79, 

nanoclay80,81, carbon black82,83, carbon nanotubes84,85  and graphene86.  

* Reproduced in part with permission from (S. Huang, L. Bai, M. Trifkovic, X. Cheng and C.W. 
Macosko, “Controlling the Morphology of Immiscible Cocontinuous Polymer Blends via Silica 
Nanoparticles Jammed at the Interface”, Macromolecules, American Chemical Society) 
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A different method from the above strategy is localization of nanofillers at the interface of 

cocontinuous polymer blends. Over 100 years ago, Pickering27 and Ramsden28 found that 

emulsion droplets can be stabilized by particles jammed at the interface of oil droplets in the 

water matrix. Enlightened by this idea, we introduced nanofillers to localize and jam at the 

interface of polymer blends to stabilize the cocontinuous morphology during annealing. 

Compared with percolated nanofillers networks located within one polymer phases, the 

nanofillers jammed at the interface can be much more effective in coarsening suppression and 

morphology stabilization. The interfacially-jammed nanofillers have been realized in polymer 

blends with organic nanoclay33,34, carbon nanotubes87,88, carbon blacks35,36, functionalized silica 

nanoparticles29,30,31,32 and functionalized graphene oxide89,90. However, the nanofillers jammed at 

the interface in previous studies appear to form multilayers33,34,89,90 or even aggregates35,36,29,30,31,32,  

which means more particles are required to fully cover the interface and also makes individual 

particle observation quite difficult. Due to the formation of multilayers and aggregates, many 

important questions regarding the stabilization of interfacial nanofillers on cocontinuous polymer 

blends have yet to be answered. For example, it is still not clear how to correlate the coarsening 

suppression effect of interfacial particles to the wettability of an individual particle trapped at an 

interface. It also remains controversial how the cocontinuous morphology change affects the 

dispersion of nanofillers at the interface and the blends rheology during annealing.  

In this chapter, three kinds of silica nanoparticles with different surface treatments were 

applied to suppress the coarsening of low density polyethylene (LDPE)/poly(ethylene oxide) 

(PEO) cocontinuous blends. The size of the monodispersed nanoparticle is ~ 100 nm, hence 

wettability of different nanoparticles and formation of particle monolayers at the interface can be 

clearly identified by scanning electron micrographs (SEM). The cocontinuous morphology 

variation was further quantified by the characteristic domain sizes measured by laser scanning 
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confocal microscopy (LSCM). By comparing particle distribution change at the interface with 

characteristic domain size change during annealing, we provide unambiguous evidence 

illustrating the quantitative relationship between the jamming of particles at the interface and the 

arresting of coarsening. In addition, rheological changes during annealing were further correlated 

with the morphology change and particle migration in the blends.  

3.2 Experimental Section 

3.2.1 Materials 

We used low-density polyethylene (LDPE) and polyethylene oxide (PEO) as the two 

components in the cocontinuous polymer blends. The molecular weight of LDPE (955I, ρ = 

0.925g/cm3, Tm ~ 112oC) is 59 kg/mol, determined by a previous study.3 For the commercial 

poly(ethylene oxide) (Polyox N10 PEO), the supplier added about 2% fumed silica as a powder 

flow modifier. To avoid the influence of fumed silica, a specially prepared silica-free PEO (ρ = 

1.21g/cm3, Tm ~ 62oC) was used in this study, which was specially synthesized by the Dow 

Chemical Company with molecular weight ranging from 8,000 to 100,000 kg/mol.  

In order to compare the results to the previous work in Macosko group, PEO was degraded 

to have a similar molecular weight as Polyox N10 PEO. A batch compounder with roller blades 

(Thermo Scientific HAAKE Rheomex CTW 100OS) was used to break down the molecular 

weight of PEO. 20 g PEO was mixed at 180 oC for 2 min and at 150 oC for 9 min. The rotor speed 

was maintained at a speed of 200 RPM. The extruded product was quenched under liquid 

nitrogen immediately. The comparison of viscosity and elastic modulus of broken-down PEO and 

Polyox N10 is shown in Figure 3.1 (a). The molecular weight of the broken-down PEO and 

Polyox N10 PEO were measured by an Agilent 1260 Infinity gel permeation chromatography 

(GPC) system consisting of Eprogen columns, a Wyatt Dawn Heleos-II light scattering module 

and an optilab T-rEX refractometer. The solution containing 0.1 M Na2SO4 and 1% acetic acid 
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was used as mobile phase and was then delivered at a flow rate of 0.4 mL/min.  

Molecular weight and zero shear rate viscosity, η0, results are shown in Table 3.1. The data 

were fit into the Cross model: 

0
11 (k f) −=

+ × n

ηη                                                        (3.1) 

where η is the absolute value of the complex viscosity, f is sinusoidal oscillation frequency, k and 

n are model parameters of the Cross model. Figure 3.1 (b) shows the frequency-dependent storage 

modulus (G’) and complex viscosity (η*) of LDPE and PEO with viscosity fit in the Cross model.  

Table 3.1 Molecular weight and rheological properties of the polymer components 

Material Mw 
(kg/mol) 

Polydispersi
ty (Mw/Mn) 

η0 (Pa·s) 

(η at 10-3rad/s) 
k n 

Polyox N10 72.6(± 0.6) 2.43(± 0.04) 8.7×103 16.9 0.61 

PEO 72.6(± 0.5) 1.81(± 0.02) 6.5×103 160 0.66 

LDPE 59.0 5.0 2.8×104 8.05 0.45 

 

Figure 3.1 (a) Storage modulus (Gʹ) and complex viscosity (η*) of PEO used in this work and 
commercial N10 PEO at 150 oC. (b) Storage modulus and complex viscosity (η*) of LDPE and 
PEO used in this work at 150 oC. Solid lines represent Cross model fits. 

In order to test the effect of different hydrophobicities, we used particles with three 

different surface treatments. Untreated hydrophilic silica nanoparticles (A-SNP) were synthesized 



 

 
41 

 

in our lab via the standard Stöber method.53,54 A-SNP were labeled with a fluorescent dye, 

fluorescein isothiocyanate (FITC). A detailed synthesis method has been described in the Section 

2.2.2 in Chapter 2.91 Partially hydrophobic (B-SNP) and hydrophobic (C-SNP) silica particles 

were provided by Cabot Corporation, which are hydrophilic silica nanoparticles treated with 

different silanization agents as shown in Table 3.2. The density of these different silica 

nanoparticles are 2.2 g/cm3. Number average particle diameters were determined by measuring 

around 50 particles in SEM images. The particles size distributions were fitted into Gaussian 

distribution in Figure 3.2, and the standard deviations of the size distributions represent the 

particle-size dispersity. To quantify the relative hydrophobicity of different particles, we assumed 

the particles are fully covered with silanization agents so that the water contact angle of the 

particles equals to the literature contact angle for the flat dry silanization agents.92 Silanization 

agents used for surface modification and the corresponding chemical structure and surface 

properties are summarized in Table 3.2.  

Table 3.2 Surface property of different silica nanoparticles 

Silica 

Nanoparticles 

FITC-labeled Silica 

(A-SNP) 

CAB-O-SIL TG-C110 

(B-SNP) 

CAB-O-SIL TG-C190 

(C-SNP) 

Diameter (nm) 86 ± 25 120 ± 20 120 ± 20 

Surface Property Hydrophilic Partially Hydrophobic Hydrophobic 

Silanization Agent N/A 

HMDS 
(Hexamethyldisilazane) 

 
 

 

OTES 
(Octyltriethoxysilane) 

 
 

 

θwater* 35.7o 53.8o 79.0o 

θLDPE/PEO* 0o 60 ± 5o 78 ± 5o 
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* θwater is the particle contact angle with air and water phase92; θLDPE/PEO is measured particle three 
phase contact angle with LDPE and PEO phase from Figure 3.7. 

 

Figure 3.2 Silica nanoparticles size distribution with fitted Gaussian distribution curve 

3.2.2 Melt Compounding and Annealing  

All the blends were melt compounded at 150 oC using a conical twin-screw micro- 

compounder (Xplore MC 5) at 200 RPM. Silica nanoparticles were pre-mixed with LDPE for 3 

min in the micro-compounder. PEO was then added and mixed for additional 5 min with nitrogen 

purge at 150 oC. The product was extruded and quickly quenched in liquid nitrogen to preserve 

the cocontinuous morphology of the blends. For all the blends, the concentration of LDPE was 

kept at 45 wt%.  

The Xplore micro-compounder generates pressure, which exerts a force on the instrument 

frame and is proportional to viscosity of the melt blends. This force is recorded during melt 

blending process and is shown in Figure 3.3. At 0 min, 1.68 g LDPE plus silica particles were 
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added into the compounder. After ~ 3 min blending PEO was added. The force jump around 4 

minutes is due to the addition of PEO. The sample with 4% silica nanoparticles shows a small 

increase in blending force, probably due to the higher interfacial area of this blend. Note that the 

neat blend shows a decrease in force during blending, but the force for the blends with particles 

stays constant. For the neat blend, the force decreases during blending due to PEO degradation. 

For the blend with C-SNP, force curve increases slightly, presumably due to particles moving 

from the LDPE phase to the interface. This effect may be actually stronger but PEO degradation 

may also occur diminish the force increase during melt compounding.  

 

Figure 3.3 Force curves as a function of blending time at 150 ºC for LDPE/PEO blends with 0 
wt%, and 4 wt% C-SNP particles.  

A small piece (~ 0.5-1.0 g) of extruded sample was placed in between two sheets of 

fluoropolymer-coated fabric (Premium 6 Mil, American Durafilm) in a steel mold. Samples were 

then annealed at 150 oC for 3, 5, 10, and 30 min respectively in a Wabash hydraulic press without 

applied pressure. After the annealing, the sample was cooled down to room temperature in a 

second water-cooled press. 
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3.2.3 Differential Scanning Calorimetry  

Crystallization temperature (Tc) during fast quench and melting (Tm) temperatures were 

determined by differential scanning calorimetry (DSC). Samples (~ 5-9 mg) were placed in 

hermetically sealed aluminum pans and analyzed with a Q1000 differential scanning calorimeter 

(TA Instruments). Specimen were first heated at a rate of 10 °C/min to 150 °C and held for 3 min 

to erase any thermal history in the materials. Samples were then quenched to − 100 °C at 

60 °C/min to mimic the liquid nitrogen quench after extrusion and heated once more to 150 °C at 

10 °C/min. Crystallization and melting temperatures were determined during the cooling and the 

following heating runs respectively.  DSC results for polymer components and neat blends are 

shown in Figure 3.4.   

 

Figure 3.4 DSC traces of polymer components and the neat blend, (a) cooling after the first 
heating cycle to show the crystallization peaks and (b) second heating to show the melting peaks. 
Crystallization and melting temperatures of polymer components are labeled.  

3.2.4 Rheology  

A 25 mm diameter parallel plate, rotational rheometer (ARES, TA instruments) was 

employed to study the viscoelastic properties. Polymer components and blends were measured 

with sinusoidal oscillations from 0.01 rad/s up to 100 rad/s. All the frequency sweep tests and 

time sweep tests were performed at the processing temperature of 150 oC and strain of 5%. 
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3.2.5 Morphology Analysis  

Samples were cryo-microtomed (Reichert UltraCut S Ultramicrotome) at – 140 oC with a 

glass knife, and then sputter-coated with 50 Å of platinum. The morphology of the blends was 

observed using scanning electron microscopy (SEM, JEOL6500) with 5 kV accelerating voltage. 

In order to study the interfaces of LDPE/PEO blends, samples were immersed in DI water for 3 

days to extract PEO phase after the cryo-microtome.  

Laser scanning confocal microscopy (LSCM, Olympus Fluo View 1000) was employed to 

obtain 3D images. Samples were cut into ~ 200 µm thick slices using a razor blade, and then 

immersed into DI water for 3 days to wash out the PEO phase and generate the porous LDPE. 

Pores were then filled with hydroxyethyl methacrylate (HEMA, Sigma Aldrich) and 0.1 wt% 

azobis-(isobutyronitrile) (AIBN, Sigma Aldrich) as thermal initiator.3,33 The refractive index of 

polyHEMA (refractive index, n = 1.51) and LDPE (n = 1.51) match well,3 which makes 

polyHEMA suitable for confocal imaging. The porous LDPE samples filled with fluorescent 

labeled HEMA (Rhodamine B, Sigma Aldrich) and AIBN were heated at 80 oC until the samples 

became transparent, indicating that the HEMA has polymerized to polyHEMA. Samples were 

observed under LSCM with a 563 nm laser under a 20 X dry objective lens or 60 X oil-immersion 

objective lens, depending on the characteristic pore size of the blends. Under LSCM, LDPE was 

black, whereas polyHEMA with Rhodamine B replaced the original PEO phase was bright red. 

Due to the optical transparence, the samples could be imaged to a depth of approximately 50 μm. 

The 3D image stacks from LSCM were analyzed using Avizo software. The program fitted 

a triangular mesh to the 3D interface and calculated the interfacial area, Aconfocal, by adding up the 

area of the triangles. The characteristic pore size, d, was then determined by93  

d = Vs/Aconfocal,                                                                                       (3.2) 

where Vs is the total volume of the probed sample under LSCM. Further details of the image 

analysis and characteristic pore size calculation method were discussed in Appendix B. 
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3.3 Results and Discussion 

3.3.1 Wetting and Contact Angle 

The location of silica nanoparticles in the cocontinuous polymer blends can be predicted 

from the wetting coefficient, ω,26,94  

/ /

/

cos Si PEO Si LDPE

PEO LDPE

γ γω θ
γ

−
= =                                              (3.3)                                    

where θ is the three phase contact angle of particle localized at the interface, γSi/LDPE, γSi/PEO and 

γLDPE/PEO are the interfacial energies (or interfacial tensions) between silica nanoparticles and 

LDPE, silica nanoparticles and PEO, and LDPE and PE, respectively. Due to the difficulties in 

measuring the interfacial energy between silica nanoparticles and  polymer phase, all interfacial 

energies in this study were calculated based on the equation composed of component surface 

energies and harmonic mean of the dispersive and polar distribution, which is known as the 

Owens-Wendt Equation95,96, 

/ 2 2d d p p
PEO LDPE PEO LDPE PEO LDPE PEO LDPEγ γ γ γ γ γ γ= + − −                      (3.4) 

where γd and γp are the dispersive and the polar part of the surface energy of the components at 

150 oC, respectively, which were obtained from literature58  and shown in Table 3.3.  

Table 3.3 Total surface energy (γ) and the dispersive and polar components (γd and γp) for 
polymers and silica nanoparticles at annealing temperature of 150 oC 

Materials Temp. coeff. 
−dγ/dT (mJ/m2) 

γd at 150oC 
(mJ/m2) 

γp at 150oC 
(mJ/m2) 

γ at 150oC 
(mJ/m2) 

PEO33 0.076 23.78 9.23 33.02 

LDPE33 0.057 28.29 0 28.29 

A-SNP59 0.1 24.62 42.38 67 

C-SNP59 0.1 17.81 1.19 19 



 

 
47 

 

Because no literature γd and γp value can be found for B-SNP, the interfacial energies of B-

SNP and polymer components (γSi/polymer) were calculated by comparing with the interfacial 

energies of C-SNP in the assumed linear relationship,  

/ /

/PEO /PEO

B SNP water C SNP water

B SNP C SNP

γ γ
γ γ

− −

− −

=                                                  (3.5)  

where γSi/water is the interfacial energy between silica nanoparticles and water, which can be easily 

calculated based on Young’s equation,                      

/ cosSi water Si water waterγ γ θ γ= − ×                                                            (3.6) 

where the total surface energies of different modified silica nanoparticles, γSi, and water contact 

angles θwater were obtained from literature92 and shown in Table 3.4 and second last row of Table 

3.2. The calculated interfacial energies between C-SNP and B-SNP with polymer components 

based on Eq. (3.4) and Eq. (3.5) respectively were also listed in Table 3.4.  

Table 3.4 Literature values of water contact angles (θwater), total surface energies (γSi) and 
interfacial energies between different silica nanoparticles with LDPE and PEO phase 

Material θwater
92 

γSi
92 

(mJ/m2) 

γSi/LDPE 

(mJ/m2) 

γSi/PEO 

(mJ/m2) 

B-SNP 53.8o 43.57 2.86 5.04 

C-SNP 79.0o 28.05 2.4 4.23 

As discussed in Chapter 2, particles prefer to locate at the interface between LDPE and 

PEO phase when − 1 < ω < 1. If ω < − 1, the particles prefer to locate in the PEO phase, whereas 

silica particles prefer to stay in the LDPE phase when ω > 1.  The calculated interfacial energies 

and wetting coefficients are shown in Table 3.5. Due to the high interfacial energy of PEO and 

the hydrophilic silica nanoparticles (A-SNP), the hydrophilic particles are predicted to aggregate 

in PEO phase. But the two hydrophobic silica nanoparticles (B-SNP and C-SNP) should locate at 
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the interface since the calculated wetting coefficients are within the range between − 1 and 1.  

Table 3.5 Interfacial tension and silica localization of the blends 

 
γ (mN/m) ω Particle Location 

PEO/LDPE 9.43 

− 3.22 PEO phase PEO / A-SNP 12.07 

LDPE / A-SNP 42.51 

 
PEO/LDPE 9.43 

0.23 Interface PEO / B-SNP 5.04 

LDPE/ B-SNP 2.86 

 

PEO/LDPE 9.43 

0.19 

 

Interface 

 

PEO / C-SNP 4.23 

LDPE/ C-SNP 2.4 

Confocal and SEM images of the blend with 4 wt% A-SNP particles without annealing in 

Figure 3.5 confirmed the particle location prediction from wetting coefficients. As shown in 

Figure 3.5 (a), the bright green dots in the confocal image are the FITC-labeled A-SNP, 

suggesting these hydrophilic particles are aggregated in one of the continuous polymer phase. 

This result is further confirmed by the SEM images in Figure 3.5 (b) and (c) where particles are 

only observed in the PEO phase and many formed into aggregates as shown by the red circles in 

Figure 3.5 (c) and (d). Moreover, few nanoparticles were observed to locate at the interface in 

Figure 3.5 (b). As our focus is on how interfacial particles can effectively suppress the coarsening 

and stabilize the cocontinuous morphology during annealing, A-SNP was not further studied in 

this study. Hence, only the two hydrophobic particles, B-SNP and C-SNP, were selected for 

further experiments.  
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Figure 3.5 Confocal image (a) and SEM image (b,c,d) of LDPE/PEO/4 wt% A-SNP blends 
without annealing. Images (c) and (d) show particle aggregates circled in red in the PEO phase. 

For the blends with hydrophobic silica nanoparticles without annealing, silica nanoparticles 

lying in the LDPE/PEO interface could be clearly observed under SEM after PEO phase 

extraction with DI water. We found that the B-SNP particles were preferentially wetted by the 

PEO phase in Figure 3.6 (a), while the C-SNP particles were more equally wetted by both phases 

in Figure 3.6 (b). Quantitatively, we measured the embedded diameter, 𝑙𝑙 , from 2D isolated 

particles on flat interfacial regions, which allowed us to estimate the three phase contact angle, 

θLDPE/PEO (Figure 3.7):  
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1
/

/ 2sinLDPE PEO
lθ
R

−=                                                        (3.7) 

We calculated the three phase contact angles of B-SNP and C-SNP by averaging over 20 

individual particles, as shown in the last row of Table 3.2.  As all the A-SNP particles appeared to 

remain in the PEO phase, the contact angle of A-SNP particles was assumed to be 0o in Table 3.2. 

Particles with contact angle closer to 90o are predicted to more efficiently stabilize cocontinuous 

blends since they can bind better with both polymer phases.  

 

Figure 3.6 SEM images of hydrophobic silica nanoparticles on the interface of LDPE/PEO/silica 
nanoparticles blends without annealing after PEO phases extraction; (a) LDPE/PEO/B-SNP 
blend, contact angle ~ 60°; (b) LDPE/ PEO/C-SNP blend, contact angle ~ 78°. 

 

Figure 3.7 Schematic for three phase contact angle (θLDPE/PEO) measurements 
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3.3.2 Coarsening Suppression Effect 

Figure 3.8 shows the characteristic pore size as a function of annealing time at 150 oC for 

B-SNP and C-SNP particles. The neat LDPE/PEO blend shows a continuous increase of the 

characteristic pore size. The coarsening rate is qualitatively similar to that of LDPE/PEO blends 

in previous studies,3,33 and matches reasonably well with the coarsening rates of other different 

cocontinuous polymer blends in Appendix C.97 Even though the commercial 100K PEO (Polyox 

N10) used in previous studies3,33 contains ~2 wt% fumed silica, the coarsening rate of the neat 

blends with fume silica free PEO and commercial PEO are very similar as shown in Figure 3.9 

(a). Hydrophilic fume silica remains in the PEO phase and, therefore, has a negligible effect on 

the coarsening of the cocontinuous morphology. Moreover, the similar low shear rate viscosities 

of PEO (Figure 3.1 (a)) indicate that the 2 wt% extra silica particles in PEO do not change the 

dynamics of the melt compounding or coarsening processes during annealing. 

 

Figure 3.8 Characteristic pore size, d, as a function of annealing time at 150oC for LDPE/ PEO 
neat blend and blends with different kinds of hydrophobic silica nanoparticles (B-SNP and C-
SNP). The corresponding 3D reconstruction via Avizo software from confocal images after 10 
min annealing are also shown. 
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The blends with hydrophobic silica show very different coarsening behavior compared 

with the neat blends. For the LDPE/PEO blend with 4 wt% B-SNP particles, the characteristic 

pore size increases in the first 5 min of annealing, similar to the neat blend. However, after 5 min 

annealing, the characteristic pore size begins to reach a plateau at ~ 35 µm. By comparison, with 

4 wt% C-SNP particles, the characteristic pore size slightly increases and immediately reaches a 

plateau at ~ 6 µm after only 3 min annealing. Therefore, the more hydrophobic C-SNP particles 

are more effective to suppress the coarsening of cocontinuous polymer blends than the less 

hydrophobic B-SNP particles, even though both particles prefer to locate at interface from the 

wetting coefficient calculation in Table 3.5.  

 

Figure 3.9 (a) Characteristic pore size as a function of annealing time at 150 oC for blend of 
LDPE and fume silica free PEO (LDPE/PEO) in this study98 and blend of LDPE and commercial 
PEO (LDPE/N10) in previous studies3,33. (b) Characteristic pore size as a function of annealing 
time at 150 oC for LDPE/ PEO with interfacial silica nanoparticles (B-SNP and C-SNP)98 and 
with interfacial nanoclay (Closite 20A)33. 

Figure 3.9 (b) compares the different coarsening behaviors of silica-stabilized LDPE/PEO 

blends with that of nanoclay-stabilized LDPE/PEO blends.33 With only 2 wt% Cloisite 20A 

nanoclay jammed at the interface, the coarsening effect is completely suppressed and the final 

pore size is smaller than 4 wt% C-SNP particles jammed at the interface. The large aspect ratio of 

nanoclay allows for a more effectively coverage of the interface. Similarly, we expect silica 
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nanoparticles of smaller sizes to be more effective for stabilizing the cocontinuous structures.   

The SEM images of blends with 4 wt% C-SNP particles before and after annealing are 

shown in Figure 3.10 to show the interfacial localization of silica nanoparticles. The gaps 

between LDPE and PEO phases in Figure 3.10 (a), (c) and (e) are due to the different thermal 

contraction of LDPE and PEO. During liquid nitrogen quenching after melt compounding, the 

LDPE solidifies at ~ 89 oC while PEO crystallizes at ~ 36 oC from DSC results shown in Figure 

3.4. As such, PEO shrinks more than LDPE in the temperature range between 89 oC and 36 oC.   

As shown in Figure 3.10 (a) and (b), without annealing, C-SNP particles form into small 

patches on the interface due to the attraction of capillary forces between neighboring particles. 

Similar patches have also been observed on the interface of nonpolar drops60 and polymeric 

PS/PB nonpolar bijels91 in Chapter 2. With the shrinkage of interfacial area during coarsening, the 

patches of C-SNP particles on the interface quickly merge and contact with neighboring patches 

to prevent any further interfacial area reduction. As a result, when monolayers of particles 

jammed on the interface in Figure 3.10 (c) and (d), the coarsening stopped after just 3 min 

annealing. With further annealing, particles rearranged along the interface as shown in Figure 

3.10 (e) and (f).  

SEM images for LDPE/PEO blends with B-SNP particles are also shown in Figure 3.11. 

Similarly, for blends without annealing (Figure 3.11 (a) and (b)), B-SNP particles randomly 

dispersed on the interface and formed small patches. When the B-SNP particles fully covered the 

interface at 30 min annealing (Figure 3.11 (c) and (d)), the coarsening has been effectively 

suppressed and the cocontinuous morphology has been stabilized with the plateau shown in 

Figure 3.8.   
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Figure 3.10 SEM images of LDPE/PEO blends with 4 wt% C-SNP particles: (a, b) without 
annealing; (c, d) after 3 min annealing at 150oC; (e, f) after 30 min annealing at 150oC. Figure (b), 
(d) and (f) are images after PEO extraction with DI water. 
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Figure 3.11 SEM images of LDPE/PEO blends with 4 wt% B-SNP particles; (a, b) without 
annealing; (c, d) after 30 min annealing at 150 oC. (b) and (d) are images after PEO extraction 
with DI water. The interfacial B-SNP particles are highlighted by red circles in (a) and (c).  

3.3.3 Concentration Dependence and Final Coverage 

We also investigated the effect of particle concentration on morphology stabilization 

during annealing, which allowed us to determine the minimum amount of C-SNP particles 

loading that can stabilize the LDPE/PEO cocontinuous blends. We varied the concentration of C-

SNP particles from 1 wt% to 4 wt%. Figure 3.12 shows characteristic pore size as a function of 

annealing time for blends with different particle loadings. For all blends, characteristic pore size 

reaches a plateau at long annealing times. However, blends with higher particle loadings take less 

time to reach the plateau with smaller pore sizes. Coarsening is arrested when C-SNP particles 
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fully cover the interface. As a result, the interfacial area in a particle-stabilized cocontinuous 

polymer blend should be larger with higher particle loadings, thus leading to smaller 

characteristic pore sizes.  

 

Figure 3.12 Characteristic pore size, d, as a function of annealing time at 150oC for LDPE/ 
PEO/C-SNP, with different loadings of C-SNP particles. 

In order to quantitatively understand the concentration-dependence stabilization of 

LDPE/PEO cocontinuous blends, we estimated the final coverage of the C-SNP particles at the 

interface, n, which is defined as the number of particle layers at the interface. n is calculated as 

the silica surface area divided by the blend interfacial area,  

       3 3 Φ
2

Silica Silica

ture confocal

A A dn
A A πR

×
= < =                                           (3.8) 

where Asilica is the total surface area covered by silica particles, Atrue is the actual interfacial area of 

the cocontinuous blends, d is the characteristic pore size, Φ is the volume fraction of C-SNP 

particles and R is the radius of C-SNP particles. Here, we use Eq. (3.2) to achieve the value of 

Aconfocal. For Asilica, we assume particles closed-pack in a hexagonal lattice on the interface. The 

area of a 2D Voronoi cell of the hexagonal lattice, 22 3R , gives the interfacial area that is 
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covered by an individual particle. The number of particles in the blends is given by
3

Φ
(4 / 3 )

sVN
πR
×

=

, where Vs is the volume of the blends. Thus, if all N particles are in the interface  

2 3 3 Φ2 3
2

s
silica

VA N R
πR
×

= × =                                           (3.9) 

The final relation in Eq. (3.8) provides an upper limit of the surface coverage. Due to the 

finite resolution of confocal microscopy (~ 500 nm), the interfacial area calculated from the 

confocal images is smaller than the actual interfacial area (Aconfocal < Atrue). SEM images in Figure 

3.10 (e) and (f) show significant submicron roughness, which is missed in the calculation of 

Aconfocal. Although such submicron roughness does not influence the estimation of characteristic 

pore sizes on the order of a few microns (Eq. (3.2)), it indeed affects the evaluation of n, since the 

size of C-SNP particles is on the order of 100 nm. Table 3.6 gives final coverage calculation at 30 

min annealing, after coarsening has been effectively arrested, for different C-SNP particles 

loadings. The calculated upper limit of the number of layers based on Eq. (3.8) is n ~ 2 

independent of initial volume fraction, which is consistent with the hypothesis that coarsening 

stops when the particles jam on the interface. Our SEM images (Figure 3.10 (c) and (d)) show C-

SNP particles form monolayers on the interface, i.e. n ~ 1.  The difference is due to the fact that 

Aconfocal misses the roughness and is thus smaller than Atrue. 

Table 3.6 Final coverage calculation based on Aconfocal for LDPE/PEO with different C-SNP 
particle loadings after 30 min annealing at 150 oC 

C-SNP particles loading Φ(vol%) di (µm) df (µm) n 

1.0 wt% 0.5 5.6 33.5 2.5 

2.0 wt% 1.0 5.3 16.3 2.4 

3.0 wt% 1.5 5.0 12.6 2.9 

4.0 wt% 2.0 4.2 6.1 1.9 
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3.3.4 Rheological variation during annealing 

While the dynamics of morphology change during annealing can be studied with SEM and 

confocal microscopy, the role of interfacial particles on the rheology of cocontinuous polymer 

blends during annealing is still unknown. Shear modulus was measured as a function of time to 

explore the variation of rheological properties during annealing.  

The suppression of coarsening by interfacial particles was also confirmed by dynamic 

frequency sweeps done after 1 h annealing at 150 oC.  After 1 h annealing, the cocontinuous 

morphology of the samples has already been stabilized by the interfacial particles. The storage 

modulus is more sensitive to the formation of particles network along the interface, which greatly 

increase the elasticity of the blends. The frequency sweep of the storage modulus (Gʹ) of the 

blends is shown in Figure 3.13. At low frequency region, a terminal slope of 0.96 is observed for 

the neat blend. This is the typical liquid-like behavior, indicating the formation of cocontinuous 

morphology with large domain size or even droplet-matrix morphology after 1 h annealing.41,67,99 

However, the blends filled with B-SNP and C-SNP particles jammed at the interface show power-

law dependences with smaller terminal slopes (0.47 and 0.40 for blends with B-SNP and C-SNP 

particles, respectively) in the low frequency region. This is the typical gel-like behavior, which is 

due to the formation cocontinuous morphology with smaller domain sizes and particles network 

along the interface.41,67,99 

As described in the PS/PB polymeric bijels in Chapter 2,91 the storage modulus of polymer 

blends can be decomposed into contributions from the polymer components and the interface,   

Gʹblend = Gʹcomponent + Gʹinf..                                            (3.10) 

Figure 3.14 (a) shows the change of interfacial storage modulus (Gʹinf.) during annealing time at 

150 oC. The time evolution of Gʹinf. of the neat blends is similar to previous studies of 

cocontinuous blends: Gʹinf. decreases during annealing due to the decrease of interfacial area.41,67,99 

As the rheology sample preparation and loading time is ~ 7 min, the neat blend has already 
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coarsened to a large domain size after 7 min annealing. The slow decrease of Gʹinf. indicted the 

further breakup of network structure at late times of annealing.41 

 

Figure 3.13 Storage modulus (Gʹ) as a function of frequency for LDPE/PEO neat blend and 
blends filled with different hydrophobic silica nanoparticles after 1 h annealing at 150 oC. The 
measurements are taken at 150 oC with strain of 5 %. 

The blend with 4 wt% C-SNP particles has higher Gʹinf. value compared with that of blend 

with 1 wt% C-SNP particles, which is consistent with a higher particles loading leading to the 

smaller characteristic pore size and corresponding larger interfacial area. As the sample loading 

time for each measurement is ~ 7 minutes, the characteristic pore size has already reached a 

plateau and the cocontinuous morphology has been stabilized after 7 minutes annealing for blend 

with 4 wt% C-SNP particles (Figure 3.14 (a)). Therefore, the rheology time sweep test missed the 

coarsening stage, which explains the absence of the initial decrease of Gʹinf. which was seen in the 

PS/PB neat blend91 in Chapter 2 and other previous studies41,67,99.  

For the blends with 4 wt% B-SNP particles and 1 wt% C-SNP particles, the initial decrease 
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of Gʹinf. also cannot be observed. However, both the Gʹinf. in these two blends show a sharp 

increase from 7 to 15 min annealing, which is different from the blend with 4 wt% C-SNP 

particles. We attribute this sharp increase of Gʹinf. to the patch densification during coarsening, 

which contributes to the jamming of particles on the interface. As shown in Figure 13 (b) and (c), 

patches of silica nanoparticles have formed on the interface due to capillary forces during 

coarsening. However, uncovered regions without any interfacial particles or particle craters still 

exist as indicated by the red circles in Figure 13 (b) and (c). The further shrinkage of interfacial 

area during coarsening, as shown by the increase of characteristic pore size between 7 and 15 min 

in Figure 13 (a), drives neighboring patches merge together to reduce bare regions and form 

larger patches until particles fully cover the interface.  

For the blends with 4 wt% B-SNP particles and 1 wt% C-SNP particles, once the interface 

has been fully covered by particles and the morphology has been stabilized after ~15 min, the 

sharp increase of Gʹinf. changes to a gradually slower increase. This gradually increase of Gʹinf. is 

due to particle rearrangement, which is also found in the blend with 4 wt% C-SNP particles and 

our related study of PS/PB polymeric bijels91 in Chapter 2. Particle rearrangement along the 

interface is in the sub-micron scale and can hardly be observed by confocal microscopy. At this 

stage, Gʹinf. shows a slow increase after particle jamming on the interface, even though few 

changes reflected in the characteristic pore size can be directly observed.  

Therefore, the rheological change in Gʹinf. during annealing is an indirect yet more sensitive 

and facile method compared with SEM. This rheological observation can provide us more 

information about the particle dispersion change on the interfaces, e.g. patch densification, 

particle jamming and particle rearrangement.   
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Figure 3.14 (a) Top: Characteristic pore size, d, as a function of annealing time at 150 oC for 
LDPE/PEO neat blend and blends with C-SNP and B-SNP particles. The same plot has been 
shown in Figure 3.12. Bottom: Interfacial storage modulus, Gʹinf., as a function of annealing time 
at 150 oC LDPE/PEO neat blend and blends with C-SNP and B-SNP particles. The rheological 
measurements were taken at 1 rad/s with strain of 5 %; (b) SEM images of LDPE/PEO blend with 
4 wt% B-SNP particles after 10 min annealing without PEO extracted; (c) SEM images of 
LDPE/PEO blend with 1 wt% C-SNP particles after 10 min annealing with PEO extracted; The 
red circles indicated the bare regions, which are neither covered by interfacial particles nor 
particle craters.  
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3.4 Conclusions 

In this chapter, we showed that hydrophobic silica nanoparticles jammed at interfaces in 

the form of monolayers can effectively suppress coarsening and stabilize LDPE/PEO 

cocontinuous blends. A simple calculation based on wetting coefficients and three phase contact 

angles of individual particles could successfully predict the locations and wetting abilities of 

different silica nanoparticles. With appropriate surface treatment, 4 wt% hydrophobic silica 

nanoparticles (C-SNP particles) can effectively arrest coarsening within 3 min. Due to the 

shrinkage of interfacial area during coarsening, particles merge and jam at the interface to prevent 

any further reduction of interfacial area. SEM images directly confirm that the treated silica 

particles reside on the interface in patches which come together into a hexagonally packed 

monolayer as the area shrinks during annealing. By comparing hydrophobic particles with 

different hydrophobicities (B-SNP and C-SNP particles), we found that blends filled with C-SNP 

particles show a smaller pore size and faster coarsening suppression effect, demonstrating that 

particles with three phase contact angle, θLDPE/PEO, more close to 90o are much more effective in 

stabilizing the cocontinuous morphology.  

By varying particle concentration, we found that 1 wt% C-SNP particles loading is enough 

to suppress coarsening within 10 min annealing. With higher particles loading, blends can be 

stabilized in a shorter time with a smaller characteristic pore size. Our estimation based on 

interfacial area from confocal microscope images showed that the blends coarsen to 

approximately the same final coverage, independent of particle loading. The calculation indicates 

two layers of particles on the interface, although we believe that, due to the finite resolution, 

confocal microscopy misses the submicron roughness and underestimates the true interfacial area. 

SEM images confirm this roughness and the interfaces in the blends are covered with hexagonally 

close packed monolayers of silica nanoparticles.  
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Frequency sweeps of storage modulus of the blends show a typical liquid-like behavior 

after 1 h annealing for the neat blend whereas the blends with hydrophobic silica nanoparticles 

display typical gel-like behavior, characteristic of particles network along the interface. The 

variation of the interfacial storage modulus during annealing obtained from rheology time sweeps 

allows us to correlate the morphology variation with particle dispersions change on the interface, 

consistent with SEM images. The rheological measurements further confirm that hydrophobic 

particles can effectively stabilize the cocontinuous morphology and significantly modify the 

mechanical properties of polymer blends.    
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Chapter 4: Graphene-stabilized Cocontinuous 
Polymer Blends for Applications in Conductive 

Polymer Composites* 

4.1 Introduction  

Conductive polymer composites (CPCs) are composed of conductive fillers randomly 

dispersed in a single polymer.100,101 Due to their wide application in electrostatic discharge (ESD) 

protection (e.g. components of fuel systems in the automobile industry), electromagnetic 

interference (EMI) shielding (e.g. cleanroom components for protecting electronic devices)86,89,101  

and temperature-, strain- and chemo-sensing102,103,104,105,106.CPCs have attracted considerable 

academic and industrial interest. Nevertheless, to enable percolation of fillers and electron 

conduction conventional, CPCs need high conductive filler loading, which significantly reduces 

their mechanical properties.101 High filler loading increases not only the cost of composite 

products, but also the melt viscosity of the composites and thereby increases the difficulty in 

polymer melt processing.101 Thus, reducing the filler loading and decreasing the percolation 

threshold are very desirable for further improvement of functionality and manufacture of CPCs.  

Thanks to their high aspect ratios and superior electrical properties, graphene sheets—the 

monolayer of sp2-hybridized carbon atoms arranged in two dimensions (2D)—have a potential to 

form 3D conductive networks with reduced filler loadings in CPCs, when compared with 

traditional spherical and randomly dispersed conductive fillers such as carbon blacks and metallic 

particles.101,107 However, the strong tendency of graphene sheets to agglomerate during melt 

processing and thus increase the percolation threshold, Φc , presents a significant challenge.101  

* Reproduced in part with permission from (L. Bai, S. He, J. W. Fruehwirth, C.W. Macosko and 
X. Cheng, “Localizing graphene at the interface of cocontinuous polymer blends: Morphology, 
rheology, and conductivity of cocontinuous conductive polymer composites”, J Rheol, The 



 

 
65 

 

Society of Rheology) 

One strategy to reduce the concentration of conductive fillers, in particular that of 

graphene, is to introduce cocontinuous polymer blends as the polymer matrix and selectively 

localize graphene sheets at the interface of the two polymer phases in blends. Early work by 

Gubbels and co-workers have successfully fabricated polystyrene (PS)/polyethylene (PE)35,82,108 

and polystyrene (PS)/poly(methylmethacrylate) (PMMA)109 cocontinuous blends with carbon 

black localized at the interface via direct melt compounding. Carbon nanotubes (CNTs) have also 

been localized at the interface of cocontinuous polymer blends when a minor third phase 

copolymer was introduced into polypropylene (PP)/polyamide 12 (PA-12)88 and polycarbonate 

(PC)/acrylonitrile-butadiene-styrene (ABS) blends110. For interfacial localization of graphene, 

reduced graphene oxide (r-GO) grafted with poly(styrene-co-methylmethacrylate) by 

miniemulsion polymerization has been introduced in PS/PMMA cocontinuous blends using 

solvent blending by Tan and co-workers.89 In addition, r-GO has also been localized at the 

interface of polylactic acid (PLA)/poly(ethylene-vinyl acetate) (EVA) cocontinuous blends via 

melt compounding methods by Shen and co-works.111 Although these pioneering works were able 

to localize r-GO at blend interfaces, they did not study their rheology or morphology. Nor did 

they study the role of graphene on stabilizing the cocontinuous structure of polymer blends or 

how the graphene distribution varies with annealing. More importantly, to the best of our 

knowledge, no attempt has been made to construct a quantitative model for understanding the 

correlation between the conductivity, rheology and structure of cocontinuous polymer blends with 

interfacial conductive fillers.  

Here, we developed a facile method to thermally reduce graphene oxide (GO) into 

reduced graphene oxide (r-GO) and successfully localized r-GO at the interface of polylactic acid 

(PLA)/polystyrene (PS) cocontinuous blends via melt compounding. The change of r-GO 

distribution and polymer blend morphology during annealing were observed using transmission 
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electron microscopy (TEM) and scanning electron microscopy (SEM). We quantified the 

morphology change using characteristic domain sizes. The morphology was further correlated 

with the rheology and conductivity of the blends, which were simultaneously measured during 

annealing. We found that the interfacial r-GO dramatically improved the conductivity of the 

blends at low filler loadings and led to an ultralow percolation threshold when compared with 

single phase PLA/r-GO composites. Lastly, we constructed a simple model, which quantitatively 

relates the rheological, electrical and structural properties of the blends at different r-GO 

concentrations above the percolation threshold.  

4.2 Experimental Section 

4.2.1 Materials 

Polylactic acid (PLA, IngeoTM Biopolymer 2003D, Tm ~ 147 oC, ρmelt = 1.12 g/cm3 at 180 

oC) and polystyrene (PS, STYRON 666D, Tg ~ 96 oC, ρmelt = 0.98 g/cm3 at 180 oC) were obtained 

from NatureWorks LLC and Trinseo, respectively. While PS was used as received, PLA was 

further dried under vacuum at 40 oC overnight before use.  

The molecular weight (Mn and Mw) and polydispersity (PDI) of PS and PLA were 

measured by gel permeation chromatography (GPC). The results were listed in Table 4.1. The 

rheology of pure PS and PLA is shown in Figure 4.1. In order to study possible degradation of 

PLA during thermal reduction in the PLA/GO masterbatch at 210 oC and during further annealing 

in (PLA/r-GO)/PS blends at 180 oC, we tested the rheology time sweeps of pure PLA at 210 oC 

for 1h and then at 180 oC for another 1 h, as shown in Figure 4.2 (a) and (b), respectively. The 

PLA rheology sample after thermal reduction and the sample after further annealing were 

measured by GPC and their molecular weights information were listed in Table 4.1. Compared 

with the original Mw of 237,000, Mw of PLA only degrades by 1.5% after 1h thermal reduction at 

210 oC and 6.7 % after 1 h at 210 oC followed by 1 h annealing at 180 oC.  
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In addition, we also calculated the molecular weight degradation from the decrease of the 

complex viscosity(Figure 4.2) based on the relationship between melt viscosity and molecular 

weight112,  

                                                            (4.1) 

where η0 and Mwo are the complex viscosity and Mw of PLA before thermal reduction and 

annealing. From Eq. (4.1), Mw of PLA degrades by 5.7% after 1h thermal reduction at 210 oC and 

7.0 % after 1 h at 210 oC followed by 1 h at 180 oC, again compared with the original Mw of 

237,000.Therefore, based on the molecular weights data from both GPC and viscosity 

measurements, PLA degradation is not a serious issue affecting the conductivity and rheological 

properties in this study. 

 

Figure 4.1 (a) Complex viscosity, η* and (b) Shear modulus, Gʹ and Gʺ as a function of 
frequency of pure PLA and PS used in this study. All data are measured at 1 % strain and 180 oC. 
The melt compounding shear rate at 200 RPM in the conical twin-screw micro-compounder 
(Xplore MC5) is about 540 rad/s, which is beyond the frequency test limit of our rheometer. 

  

3.4

0 0

( )w

w

M
M

η
η

=



 

 
68 

 

Table 4.1 Molecular weights of polymer components and PLA after different annealing time. 

Properties PS PLA 
PLA after thermal 
reduction (210 oC, 

1h) 

PLA after thermal 
reduction and annealing 

(210 oC, 1h + 180 oC, 1h) 

Mn 104,000 126,000 125,000 99,100 

Mw 261,000 237,000 233,000 221,000 

Polydispersity 
index, PDI 2.50 1.87 1.86 2.23 

 

Figure 4.2 (a) Complex viscosity, η* at 1 rad/s, of PLA as a function of time at 210 oC in 
rheometer to measure the viscosity change during the 1 h thermal reduction. (b) Complex 
viscosity, η*, of the PLA sample from (a) as a function of time at 180 oC to measure the viscosity 
change during the 1 h annealing. 
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4.2.2 Graphene Oxide Synthesis 

The graphene oxide (GO) in this study was synthesized via the method of Hummers and 

Offeman113 with a small modification. Details of the synthesis are also reported in a previous 

publication114,115,116. NaNO3 was dissolved in concentrated sulfuric acid in an ice bath, and 

graphite was then added to the solution. Under moderate stirring, KMnO4 was added. The ice 

bath was then replaced by a room temperature water bath, and the mixture was allowed to react at 

35 °C. After 1 h reaction, DI water was added to the reaction mixture and the temperature is 

increased to 80 °C. After stirring for 15 min, the mixture was further diluted. The reaction was 

quenched by adding 30% hydrogen peroxide dropwise until the effervescence stopped and the 

mixture turned light brown. After overnight sedimentation, the supernatant was removed and the 

rest of the mixture was divided into 8 portions for purification. To purify the resulting GO in the 

sediments, DI water was added to each portion with concentrated hydrochloric acid. After 

vigorous mixing inside the centrifuge tube, the GO was spun down (Marathon 8k) at 3000 RPM 

for 15 min. The procedure was repeated 10 times to completely remove metallic and sulfate ions. 

The resulting material was then dialyzed against DI water until no precipitate was observed upon 

mixing the dialyzing solvent with 0.1 M silver nitrate solution. The GO was then re-dispersed 

into DI water and neutralized by ammonium hydroxide. After 1 h sonication in the bath sonicator 

(Branson 3510), the GO dispersion was centrifuged to remove any poorly oxidized graphite. The 

supernatant was collected as the GO stock solution (2 mg/mL). Lastly, the stock solution was 

freeze-dried (Freezemobile, SP Scientific) to obtain solid GO for our experiments. 

4.2.3 Average Thickness and Area of GO  

The GO sheets dispersed in the DMF after 2 h ultrasonic exfoliation were dropped on the 

silicon wafer to evaporate the solvent. The dry GO sheets were characterized with atomic-force 

microscopy (AFM) to determine the average thickness of GO. One of the AFM micrographs is 
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shown in Figure 4.3 (a) with measurements along straight lines indicated in Figure 4.3 (b). Eight 

different measurements were taken on different pieces of GO sheet, and the average thickness is ~ 

14.3 Å. This thickness matches with experimental thicknesses of GO monolayers, ~ 10 − 14 Å, 

even though the theoretical thickness of GO monolayer is ~ 8.2 Å.117,118 Therefore, the GO sheets 

dispersed in the DMF with 2 h ultrasonic exfoliation were mostly in monolayers.  

  The same silicon wafer with dry GO sheets was observed under scanning electron 

microscopy (SEM) without any metal coating. Ten different SEM micrographs were taken to 

obtain the GO size distribution in Figure 4.3 (c). The GO sheet areas were calculated using 

ImageJ software from the SEM images (Figure 4.3(d)).  

 

Figure 4.3 (a) AFM micrograph of GO sheets on a silicon wafer. (b) Two examples of the 
thickness measurements of GO sheets are marked in (a). (c) The size distribution of GO sheets 
from 10 different SEM micrographs, and the number average area is ~ 0.03 μm2. (d) Typical 
SEM micrograph of GO sheets on the silicon wafer.    
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4.2.4 Conductive Polymer Composites Preparation 

Masterbatch Preparation: Specifically, PLA was first dissolved in N,N-dimethylformamide 

(DMF) at the concentration of ~ 0.25 g/mL at 80 oC with stirring. Similarly, the desired amount 

of GO was dispersed in DMF at the concentration of ~ 8.3 mg/mL with ultrasonic exfoliation for 

2 h. Then, the suspension of GO in DMF was added into the PLA/DMF solution. After 

mechanically stir of the mixture for 2 h, we added the mixture dropwise into a large volume of 

vigorously stirred methanol to precipitate a PLA/GO masterbatch. Then, the masterbatch was 

filtered and dried in an air circulating oven at 80 oC for at least 5 h to remove the residual 

methanol. Finally, the dried PLA/GO masterbatch was further dried in vacuum at 40 oC overnight 

before thermal reduction. In order to test the thermodynamic compatibility of PS and r-GO and 

the effect of different compounding sequences, we also prepared PS/GO masterbatches in certain 

experiments following a similar procedure. PLA/GO masterbatches were prepared by a solution 

method, which allows for good dispersion of GO in the polymer matrix. We also prepared a 

masterbatch by direct melt-processing. As described in the Appendix D, the dispersion was 

significantly worse.  

In-situ Thermal Reduction & Melt Compounding: All the blends were mixed using a conical 

twin-screw micro-compounder (Xplore MC5) at 200 RPM. The PLA/GO masterbatch was first 

added into the micro-compounder at 210 oC for 1 h in-situ thermal reduction119
,
120,121 under 

nitrogen protection without any shear mixing. GO degrades into CO via carbonyl-oxygen 

hemolysis during thermal reduction.122 The resulting gas will either dissolve in the polymer 

matrix or leave the composite during the subsequent melt compounding with PS. From the 

elemental analysis, we found that the C/O ratio of GO is 1.5, while after thermal reduction the 

C/O ratio of r-GO is increased to 4.3, indicating that large areas of crystalline graphene form on 

the r-GO surface after the thermal reduction. In the initial PLA/GO masterbatch, the polar 

hydroxyl, epoxy and carboxyl groups of GO interact with PLA backbone via dipolar-dipolar 
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interaction, which helps GO to disperse in the PLA matrix. The reduction makes r-GO less polar 

than GO. After thermal reduction, the temperature was changed to 180 oC, and PS was then added 

and melt mixed for 5 min with nitrogen purge. The product was extruded and quickly quenched 

in liquid nitrogen to preserve the cocontinuous morphology of the blend. For all the composites, 

we kept the ratio of PLA and PS in all the blends at 51.2/48.8 wt%. In this study, we use the 

notation, (PLA/r-GO)/PS_x wt%, to denote composites with x wt% thermal reduced graphene 

oxide (r-GO) premixed with PLA phase and then melt compounded with PS. Density of r-GO at 

1.91 g/cm3 was used to calculate vol%. Similarly, (PS/r-GO)/PLA_x wt% is used to present 

composites with x wt% thermal reduced graphene oxide (r-GO) premixed with PS before melt 

compounding with PLA. For preparing single phase PLA/r-GO composites, we added GO and 

PLA in the micro-compounder at 210 oC without mixing for 1 h thermal reduction and then melt 

compounded them at 180 oC at 200 RPM for 5 min. The molecular weight of PLA after thermal 

reduction is shown in Table 4.1 and Figure 4.2.  

Annealing: A small piece (0.1 – 0.5 g) of each blend was placed in between two sheets of 

fluoropolymer-coated fabric in a steel mold. The sample was then annealed at 180 oC for 10, 30 

or 60 min in a Wabash hydraulic press under pressure of 700 lb (~ 1.59 MPa). After annealing, 

the sample was cooled down to room temperature in a water-cooled press. The molecular weight 

of PLA after the annealing is again shown in Table 4.1 and Figure 4.2. The influence of possible 

PLA degradation is discussed in the Section 4.2.1.  

4.2.5 Morphology Characterization 

Characteristic domain size: Polymer blends after different annealing times were microtomed at 

room temperature with a glass knife. In order to image the interfaces between PLA and PS, 

microtomed samples were immersed in cyclohexane at 50 oC overnight to extract the PS phase, 

and then sputter-coated with 50 Å of platinum. The PLA porous sample after PS extraction was 
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imaged using SEM (JEOL6500) with 5 kV accelerating voltage (Figure 4.4 (b) and (c)). We 

analyzed the resulting images using ImageJ followed by manual tracing of the PLA/PS interface. 

The total length of the interface in a specific SEM image, Lint., was then measured. The 

characteristic domain size, ξ, can be determined as   

int.

SEMAξ
L

=                                                              (4.2) 

where ASEM is the total area of the SEM image. The characteristic domain size was obtained by 

averaging at least three different SEM images at the same annealing time. Detailed analysis of 

SEM images and calculation of characteristic domain size were discussed in Appendix E.  

Location of r-GO in the blend: After different annealing times blends were microtomed (~ 50 

nm thick) with a diamond knife at room temperature. The ultrathin sections were carefully 

transferred via an eyelash onto copper grids. The location of r-GO within the blends was observed 

using TEM (FEI Tecnai T12) at an accelerated voltage of 120 kV. With the radiation-induced 

phase contrast123, the samples can be imaged with no further staining. Specifically, the electron 

irradiation results in some degree of chain scission and mass loss of PLA, whereas PS is one of 

the most radiation stable polymers and no loss of material occurs in the PS phase.123 Therefore, 

the contrast from different mass thickness makes the PLA phase the brighter regions and the PS 

phase the darker regions in the TEM images. r-GO was evident as thin black lines under TEM 

due to the much larger electron density in the graphene structure (Figure 4.5 (a) - (d)).  

4.2.6 Rheology and Conductivity 

Viscoelastic and dielectric spectra of samples were obtained simultaneously using a TA 

Instrument ARES rheometer with a TA Instrument DielectricThermal Analysis Accessory 

(DETA). An Agilent 4980A LCR bridge was attached on the 25 mm parallel plate of the 

rotational rheometer to apply AC voltage and measure the resulting current. During a rheology 

time sweep, the complex capacitance of samples, C*, was monitored at a root-mean-square 
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potential of 1 V with an AC frequency, ωAC, between 20 Hz – 2 MHz. In order to compare with 

the annealing process in the hot press, the time sweeps were performed at 180 oC for 1 h with 1 % 

strain and 1 rad/s rotational frequency. The relation between the complex permittivity ε* and 

complex electrical conductivity σ* can be calculated as 

                                                        (4.3) 

                                (4.4) 

where ε0 is vacuum permittivity and A and d are the area and the separation of the parallel plates, 

respectively. The imaginary part of the complex permittivity, εʺ, gives the real part of the 

complex electrical conductivity, σʹ, which represents the electrical loss in samples due to free 

electron conduction, dielectric relaxation (e.g. dipole relaxation and ionic relaxation) and 

polarization. For conductive polymer composites, free electron conduction dominates σʹ.  
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4.3 Results and Discussion 

4.3.1 Coarsening suppression effect 

The effect of r-GO on suppressing the coarsening of the cocontinuous PLA/PS blends is 

shown in Figure 4.4. Figure 4.4 (a) shows the characteristic domain size, ξ, of the (PLA/r-GO)/PS 

blends as a function of annealing time at 180 oC with different filler loadings. The neat PLA/PS 

blend shows nearly linear increase of ξ from ~ 2 μm to ~ 77 μm after 1 h annealing (Figure 4.4 

(b)). The coarsening rate matches reasonably well with those of other cocontinuous polymer 

blends as shown in Appendix B.97 In contrast, a small amount of r-GO (Φ = 0.05 wt%) in the 

blends significantly reduces the rate of coarsening. At 0.15 wt% r-GO loading, ξ slightly 

increases at short annealing times and then quickly plateaus after 30 min, showing a complete 

suppression of coarsening. When the r-GO loading is further increased to 0.5 wt%, the blend 

takes 10 min to reach a plateau of smaller domains with ξ ~ 5 μm (Figure 4.4 (c)). With even 

higher r-GO loadings of 1.0 wt% and 2.0 wt%, there is barely any coarsening with ξ ~ 2 μm after 

1 h annealing. In order to quantitatively compare the morphology stabilization effect of r-GO at 

different loadings, ξ values after 1h annealing are plotted vs. r-GO content for Φ > 0.05 wt%. As 

shown in the inset of Figure 4.4 (a), plateau ξ after 1h annealing decreases with increase of r-GO 

loading, and can be quantitatively fit with a power-law relation, 0.81 0.10− ±∝ Φξ . 
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Figure 4.4 (a) Characteristic domain size, ξ, as a function of annealing time at 180 oC for a 
PLA/PS neat blend and (PLA/r-GO)/PS blends of different filler contents. The inset shows 
power-law fitting of ξ after 1 h annealing with Φ in (PLA/r-GO)/PS blends above the filler 
content of 0.05 wt%. The error bars are calculated from the average of ξ from three different SEM 
images. SEM micrographs of the PLA/PS neat blend (b) and the (PLA/r-GO)/PS_0.5 wt% blend 
(c) after 1 h annealing and PS extraction.  
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4.3.2 Graphene Localization 

 We further investigated the location of r-GO before and after annealing using TEM. As 

shown in Figure 4.5 (a) and (b), for a (PLA/r-GO)/PS_0.5 wt% blend, although most r-GO sheets 

are in the PLA phase, a significant amount have already transferred to the PLA/PS interface after 

merely 5 min melt compounding. The nanofillers are trapped in a free energy minimum at the 

interface due to the effects of surface wetting.25,26 The energy required to remove one sheet of r-

GO from a planar interface to polymer matrix A can be expressed as,  

                                   (4.5) 

where Ar-GO is the average area of a single r-GO sheet. From GO size distribution shown in Figure 

4.3 (c), Ar-GO is ~ 0.03 μm2. Eq. (4.5) has also been used to explain interfacial localization of 

colloidal particles in water/oil Pickering-Ramsden emulsions.124,125 γA/B is the interfacial energy 

between component A and B at 180 oC, which were calculated based the Owens-Wendt  

Equation95,96,  

                                      (4.6) 

where γd and γp are the dispersive and the polar part of the surface energy of the component at the 

processing temperature, respectively. γ is the total surface energy of the component, which equals 

the sum of γd and γp. The literature values of γ, γd and γp of PS and PLA at 25 oC and the 

corresponding calculated values at 180 oC are listed in Table 4.2. Therefore, the calculated γPLA/PS 

at 180 oC based on Eq. (4.6) is 2.39 mJ/m2.  

To calculate the γr-GO/PLA and γr-GO/PS at 180 oC, we need the γ, γd and γp of r-GO at 180 oC. 

Because no direct literature value of γ, γd and γp could be found for the thermal reduced GO (r-GO 

used in this study), we estimated these values from the corresponding data from chemically 

reduced GO (c-rGO) and pure GO listed in Table 4.3. We assume the polarities of graphene, r-

GO and GO are related to the different C/O ratios, i.e. γd/γp is linear to the C/O ratio. From 

int./A / /B /( )r GO r GO A r GO A BE A γ γ γ− − −∆ = − +

/ 2 2d d p p
A B A B A B A Bγ γ γ γ γ γ γ= + − −



 

 
78 

 

elemental analysis and related references126, we have known the C/O ratios of GO, r-GO and c-

rGO are 1.5, 4.3 and 10.3, respectively. From the linear assumption, the calculated polarity of r-

GO in this study is 0.16, a reasonable value between that of c-rGO and GO. We found the γd at 

180 oC of c-rGO and GO are almost the same from Table 4.3, thus we estimated that different 

C/O ratios only change γp value while γd is unchanged. Based on these assumptions, the 

calculated γ, γd and γp of r-GO at 180 oC are 34.27 mJ/m2, 28.80 mJ/m2 and 5.47 mJ/m2, 

respectively. Therefore, the calculated γr-GO/PLA and γr-GO/PS at 180 oC from Eq. (4.6) is 1.63 mJ/m2 

and 0.18 mJ/m2, respectively. 

Table 4.2 Total surface energy (γ) and the dispersive and polar components (γd and γp) for PLA 
and PS at room temperature (25 oC) and processing temperature (180 oC).  

 −dγ/dT 
(mJ/m2)127 

γ 

(mJ/m2)127 
γp 

(mJ/m2)127 
γ 

(mJ/m2) 

γd 

(mJ/m2) 

γp 

(mJ/m2) 

Temp. N/A 25 oC 25 oC 180 oC 180 oC 180 oC 

PLA − 0.062 51.1 16.1 41.48 28.41 13.07 

PS − 0.072 40.7 6.1 29.54 25.11 4.43 

Table 4.3 Total surface energy (γ) and the dispersive and polar components (γd and γp) for 
chemical reduced GO (c-rGO) and pure GO at room temperature (25 oC) and processing 
temperature (180 oC). 

 −dγ/dT 
(mJ/m2)127 

γ 

(mJ/m2)128 

Polarity 

(γp/γ)129 

γ 

(mJ/m2) 

γd 

(mJ/m2) 

γp 

(mJ/m2) 

Temp. N/A 25 oC N/A 180 oC 180 oC 180 oC 

c-rGO − 0.1 46.7 0.07* 31.20 28.98 2.22 

GO − 0.1 62.1 0.39* 46.60 28.61 17.99 

* The polarity data129 is collected at 35 oC and we assume the polarity is the temperature 
independent for nanofillers like c-r-GO and GO.   
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From the above calculations, γr-GO/PLA, γr-GO/PS and γPLA/PS are 1.63 mJ/m2, 0.18 mJ/m2 and 

2.39 mJ/m2, respectively, and hence ∆Eint./PLA/kBT ≈ 18,400 >> 1, and ∆Eint./PS/kBT ≈ 4,500 >> 1, 

where kB is the Boltzmann constant and T is 180 oC. This means the interface is a deep energy 

well for r-GO as shown schematically in Figure 4.5 (e) and thermally activated detachment can be 

safely neglected in this case. During the melt compounding, the r-GO prefers to transfer from the 

PLA phase, the thermodynamically less favorable phase, to the PS phase, the thermodynamically 

more favorable phase due to π–π interaction with PS.86,107,130 However, r-GO will be immediately 

trapped at the free energy minimum once it attaches the interface.  

 During the 1 h annealing at 180 oC, the interfacial area shrinks with coarsening, resulting 

in merging of r-GO on the interface and the formation of a 3D spanning r-GO network. When the 

r-GO sheets fully cover the interface as shown in Figure 4.5 (c) and (d), any further interfacial 

area reduction is arrested and the cocontinuous morphology is stabilized. The wrinkled interface 

in Figure 4.5 (c) is a clear signature of the presence of interfacial r-GO. As a comparison, the 

interface in neat blends is smooth due to the high interfacial tension (Figure 4.5 (a)). Similar 

submicron size roughness at the interface has also been observed in previous studies of 

cocontinuous polymer blends with interfacial clay33 and silica nanoparticles131. Finally, during 

annealing r-GO left in PLA further migrates toward the interface to reach the thermodynamic 

equilibrium. Due to the high viscosity of the molten PLA (~ 4,500 Pa∙s, Figure 4.2 (b)),  r-GO can 

only diffuse ~ 50 nm during the 1 h annealing at 180 oC under Brownian motion. Therefore, those 

exfoliated r-GO sheets that are located close to the interface before annealing can successfully 

migrate from the PLA phase to the interface, whereas r-GO aggregates and single r-GO sheets far 

from the interface would still stay in the PLA phase after annealing due to their slow kinetics 

(Figure 4.5 (c)).  

Hydrodynamic flows during coarsening may also contribute to the interfacial localization 

of r-GO.65,66,132 Since the size of r-GO is on the order of microns and the coarsening flow of the 
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PLA matrix is slow due to its high viscosity, the Stokes number133 of r-GO in the PLA matrix 

would be extremely small, on the order of 10−18. Thus, r-GO left in the PLA phase after melt 

compounding should simply follow the flow of the PLA matrix during coarsening. Assuming no-

slip boundary conditions at the surface of the r-GO, r-GO would never cross the stream lines of 

the flow of the PLA matrix. Hence, they would never be able to reach the interface between the 

two polymer blends based on hydrodynamics alone. Nevertheless, the physical interface of the 

two polymers has a finite width at molecular scales. In addition, r-GO sheets show non-zero 

Brownian diffusion at finite temperatures. Moreover, there also exist van der Waals attractions 

between r-GO and PS on the other side of the interface. As a result, r-GO will be attracted and 

trapped at the interface when the hydrodynamic flow moves the r-GO to be within a small 

distance away from the interface. Thus, it is likely that the coarsening flow facilitates the r-GO 

trapping. Thermal diffusion, van der Waals attraction and/or the finite width of polymer interface 

would be the ultimate physical factors dictating the interfacial trapping of r-GO. TEM images of 

(PLA/r-GO)/PS blends with different filler contents after 1 h annealing are shown in Figure 4.6.  
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Figure 4.5 TEM micrographs of (PLA/r-GO)/PS_0.5 wt% blends: (a, b) without annealing; (c, d) 
after 1 h annealing. (b) and (d) show the magnified images of the selected regions in (a) and (c), 
respectively. The darker phase is PS, and the brighter phase is PLA. Red arrows indicate the 
location of r-GO sheets. (e) Schematic diagram of the energy landscape of r-GO at the interface. 
∆Eint./PLA and ∆Eint./PS represent the energy barrier to move one sheet of r-GO from interface to the 
bulk PLA and PS phase, respectively. Edet. Indicates the energy barrier to detach the adsorbed PS 
chains on the surface of r-GO.  
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Figure 4.6 TEM images of (PLA/r-GO)/PS blends with different filler loadings after 1h 
annealing: (a, b) with 0.15 wt% r-GO; (c, d) with 1.0 wt% r-GO; (e, f) with 2.0 wt% r-GO. Figure 
(b), (d) and (f) show the magnified images of the selected regions in Figure (a), (c) and (e), 
respectively. The darker phase is PS and the brighter phase is PLA. The r-GO sheets are 
elongated dark lines marked by red arrows.  
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4.3.3 Compounding sequence effect 

 In order to further validate the thermodynamic compatibility between r-GO and PS as the 

driven force of r-GO migration during melt compounding, we reversed the compounding 

sequence and prepared the (PS/r-GO)/PLA_x wt% blends (x = 0.5 and 2.0): GO and PS were 

dissolved in DMF to prepare PS/GO masterbatches for thermal reduction first and then melt 

compounding with PLA. As shown in Figure 4.7 (a), the characteristic domain sizes of the (PS/r-

GO)/PLA blends do not reach plateaus after long time annealing and are much larger than that of 

(PLA/r-GO)/PS blends. r-GO premixed with PS in (PS/r-GO)/PLA blends hardly stabilize the 

cocontinuous morphology. The location of r-GO in (PS/r-GO)/PLA_2.0 wt% blends was 

observed using TEM. Without any annealing, all of r-GO sheets stay in the PS phase (Figure 4.7 

(b) and (c)). After 1 h annealing, even though the interface localization of r-GO can reach the free 

energy minimum as shown in the energy landscape in Figure 4.5 (e), all the r-GO still remains in 

the PS phase (Figure 4.7 (d) and (e)). The observation indicates the important role of kinetics in 

determining the morphology of the blends. The change of r-GO localization with different 

compounding sequences can be qualitatively explained from the adsorption of polymer chains on 

the surface of r-GO.134,135,136 To transfer the r-GO from the PS phase to the interface, the PS 

chains adsorbed on one side of the r-GO surface need to desorb and be replaced by the PLA 

polymer chains. However, the detachment of PS polymer chains from the r-GO surface has a high 

energy barrier, Edet., due to the π–π interaction between the saturated benzene rings in r-GO and 

the aromatic rings of PS86,107,130, which does not exist between r-GO and PLA (Figure 4.5 (e)). 

Thermal energy of r-GO cannot overcome this desorption energy barrier during the annealing. 

Therefore, r-GO remains in PS. Due to the lack of interfacial r-GO localized at interface, r-GO 

fails to stabilize the cocontinuous morphology of (PS/r-GO)/PLA blends. Finally, the reduction of 

the coarsening rates compared with the neat blend is simply because of the increase of the 

viscosity of the PS phase from the added r-GO.130 Hence, the pre-mixing of GO with the 
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thermodynamically less favorable PLA phase of r-GO is crucial for the stabilization of the 

cocontinuous structure of (PLA/r-GO)/PS blends.  

 

Figure 4.7 (a) Characteristic domain size, ξ, as a function of annealing time at 180 oC for PLA/PS 
neat blend, (PLA/r-GO)/PS blends and (PS/r-GO)/PLA blends with different filler contents; TEM 
micrographs of (PS/r-GO)/PLA_2.0 wt% blends: (b, c) without annealing; (d, e) after 1 h 
annealing. Figure (c) and (e) show the magnified images of the selected regions in Figure (b) and 
(d). Red arrows indicate the location of r-GO.  
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4.3.4 Rheology and Conductivity  

Using the dielectric accessory on the parallel plate of the rotational rheometer, we 

simultaneously measured the shear moduli and the conductivity of (PLA/r-GO)/PS blends during 

annealing at 180 oC. Since sample preparation with the hot press and sample loading on the 

rheometer take ~ 7 min, the first point in our data starts at 7 min after annealing. As shown in 

Figure 4.8, the real part of the complex electrical conductivities (σʹ) of the (PLA/r-GO)/PS blends 

with different filler contents at 180 oC after 1 h annealing were measured at different AC 

frequencies from 20 Hz to 1 GHz. In the low frequency region (~ 20 Hz – 1 KHz), free electron 

conduction is the main contribution to σʹ, while dipole relaxation and polarization dominate σʹ in 

the high frequency region (~ 1 KHz – 1 GHz). When r-GO loading is below 0.25 wt%, non-

Ohmic conduction—the so-called “barrier-tunneling effect” between separated conductive 

fillers137,138—dominates the electron conduction, thus leading to the decrease of σʹ with 

decreasing frequency even in the low frequency region. However, above 0.25 wt%, we observed 

that σʹ becomes almost independent of frequency in the low frequency region. This is because 

Ohmic conduction, i.e., free electron conduction based on direct contact of conductive fillers, 

dominates the electrical conductivity and the “barrier-tunneling effect” is negligible.139,140 

Therefore, the σʹ plateau at low frequencies can be identified as the DC conductivity (σ).139 In this 

study, we use σʹ at 20 Hz with r-GO loading larger than 0.25 wt%, which are marked by the 

dashed circle in Figure 4.8, to represent the DC conductivity, σ. We focused on the behavior of σ 

in our study below.  
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Figure 4.8 Frequency dependence of σʹ, the real part of the complex conductivity, of the (PLA/r-
GO)/PS blends with different r-GO loadings at 180 oC after 1 h annealing. σʹ (20 Hz, r-GO 
loading ≥ 0.25 wt%), marked with the dashed circle, can be used as the DC conductivity, σ.  

As shown in Figure 4.9 (a) and (b), for (PLA/r-GO)/PS blends with different filler 

contents, both the storage modulus, Gʹ, and the DC conductivity, σ, increase with annealing time 

and approach a plateau after ~ 30 min annealing. The increasing of Gʹ and σ is due to the 

formation of the r-GO network within the blends. In the early stage of annealing (< 7 min), r-GO 

is randomly dispersed either at the interface or in the PLA phase as shown schematically in 

Figure 4.9 (c). In this case, electrons cannot easily pass through the sample, giving rise to a 

relatively low conductivity. With the reduction of interfacial area, the interfacial r-GO sheets 

percolate at the interface and form a 3D network throughout the sample (Figure 4.9 (d)). The 

network provides a pathway for electrons to go through the sample and, therefore, significantly 

increases the conductivity of the blend. Moreover, the interfacial r-GO network also provides a 

mechanical scaffold, leading to the increase of Gʹ during annealing. At high r-GO loadings, Gʹ of 

the blend is higher than its loss modulus, Gʹʹ, indicating a gel-like rheology consistent with the 
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formation of a 3D spanning network. It is worth noting that the increase of Gʹ from the r-GO 

network compensates the decrease of Gʹ due to the reduction of interfacial area during 

coarsening, an effect that has also been observed on PS/PB polymeric bijels91 in Chapter 2 and 

cocontinuous polymer blends with silica nanoparticles jammed at interface98 in Chapter 3.  

 

Figure 4.9 (a) Shear modulus as a function of annealing time at 180 oC for (PLA/r-GO)/PS 
blends with different filler contents. The solid and open squares represent the storage modulus, 
Gʹ, and loss modulus, Gʺ, respectively, which were measured at 1 rad/s and 1 % strain. (b) The 
real part of conductivity at ωAC= 20 Hz as a function of annealing time at 180 oC for (PLA/r-
GO)/PS blends with different filler contents. Both the rheology and conductivity time sweeps 
were taken simultaneously. Cartoons of (PLA/r-GO)/PS blends showing the morphology change 
and interfacial localization of r-GO during annealing: (c) ~ 7 min annealing; (d) after ~ 30 min 
annealing where the morphology has been stabilized. The red region is PS, while the green region 
is PLA. The short black lines represent r-GO sheets.   
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The conductivities of (PLA/r-GO)/PS blends with different r-GO loadings after 1 h 

annealing are plotted vs. r-GO content, Φ, in Figure 4.10 (a). Conductivity sharply increases from 

~ 10−8 S/cm at 0.05 wt% to ~ 10−6 S/cm at 0.5 wt% and then gradually increases to ~ 10−5 S/cm at 

2.0 wt%. The trend illustrates a typical feature of percolation.89,107 Conductivity of the (PLA/r-

GO)/PS_2.0 wt% blend is about 2.0 × 10−5 S/cm, more than two orders of magnitude larger than 

that of (PS/r-GO)/PLA blends and of PLA/r-GO composites at the same filler content, which are 

8.0 × 10−8 S/cm and 3.8 × 10−8 S/cm, respectively. Instead of forming percolated networks along 

the interface as the case in (PLA/r-GO)/PS blends, the r-GO aggregates in the (PS/r-GO)/PLA 

blends (Figure 4.7 (d) and (e)) and in the PLA/r-GO composites (Figure 4.10 (b) and (c)). r-GO 

fails to provide a conductive pathway for electrons.89,139  

 

Figure 4.10 (a) DC conductivity, σ, after 1 h annealing at 180 oC as a function of filler content, 
Φ, for  (PLA/r-GO)/PS blends, for ☐ (PS/r-GO)/PLA_2.0 wt% blends and for  PLA/2.0 wt% 
r-GO composites. The inset shows log σ vs. log [(Φ− Φc)/(1 – Φc)] and the dashed line is a fit 
using the power-law relation shown in Eq. (4.7). (b) TEM micrograph of a PLA/2.0 wt% r-GO 
composite. Figure (c) shows the magnified image of the selected region in Figure (b).  
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The percolation threshold, Φc, i.e., the critical filler loading at which the continuous 

conductive pathway throughout the sample forms, can be estimated by fitting,107,141,142 

σ = σf [(Φ – Φc)/(1 – Φc)]t                                              (4.7)  

where σf is the filler conductivity that provides the conductivity scale in the problem, and t is a 

universal critical exponent depending on the aspect ratio of fillers.130 As shown in the inset of 

Figure 4.10 (a),  we found the percolation threshold of (PLA/r-GO)/PS blends Φc = 0.028 ± 0.011 

vol%, which is ~ 0.05 wt% and about 50 times lower than that reported for PLA/r-GO composites 

(Φc =1.402 vol%).143  

After 1 h annealing at 180 oC, we took dynamic frequency sweeps to investigate the 

detailed rheological responses of the blends. Gʹ and Gʺ as a function of frequency for (PLA/r-

GO)/PS blends are shown in Figure 4.11 (a). Gʹ of neat blends and (PLA/r-GO)/PS_0.05 wt% 

blends are smaller than Gʺ and no Gʹ plateau can be observed in the low-frequency region, 

indicating a typical liquid-like behavior.144,145 However, when the filler content is above the 

percolation threshold (Φc = 0.028 vol%, or 0.05 wt%), Gʹ of (PLA/r-GO)/PS blends with 0.5 wt% 

and 2.0 wt% r-GO are larger than Gʺ in the low-ω region, and pronounced Gʹ plateaus can be 

observed  in the terminal region, indicating a typical gel-like behavior. Given the weak 

contribution of the elasticity of the bare interfacial area to Gʹ, we can safely attribute the large 

value of Gʹ and the corresponding Gʹ plateau to a 3D network of r-GO along the interface 

throughout the sample. Similar gel-like rheology has also been observed on PS/PB polymeric 

bijels91 in Chapter 2 and cocontinuous polymer blends with silica nanoparticles jammed at 

interface98 in Chapter 3.   

When dynamic frequency sweeps of (PLA/r-GO)/PS blends are compared with the 

corresponding (PS/r-GO)/PLA blends at the same filler loading in Figure 4.11 (b), both Gʹ and Gʺ 

of the latter are much smaller than those of the former. Moreover, the (PS/r-GO)/PLA_2.0 wt% 

blend shows a liquid-like behavior (Gʹ < Gʺ in the low-ω region), whereas the (PLA/r-
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GO)/PS_2.0 wt% blend shows a gel-like behavior (Gʹ > Gʺ and a more apparent Gʹ plateau in the 

low-ω region). The difference in shear moduli between these two blends further confirms that the 

interfacial r-GO networks in (PLA/r-GO)/PS blends is responsible for the increase of the 

elasticity.  

 

Figure 4.11 Shear modulus, Gʹ and Gʺ, as a function of frequency after 1 h annealing at 180 oC 
of: (a) (PLA/r-GO)/PS blends with different filler contents; (b) a neat blend, a (PLA/r-GO)/PS 
blend and a (PS/r-GO)/PLA blend at the same filler content of 2.0 wt%. All data are measured at 
180 oC with strain of  1.0 %.  

4.3.5 Correlation between the Electrical and Structural Properties 

As discussed in the previous section, the 3D interfacial r-GO networks determine both the 

conductivity and the rheology of the cocontinuous blends. This common origin allows us to 

directly correlate the conductivity and the rheology with the microscopic morphology of the 

blends. We plot σ as a function of the characteristic domain size ξ for (PLA/r-GO)/PS blends of 

different r-GO concentrations above the percolation threshold (Φc = 0.028 vol%, or 0.05 wt%) in 

Figure 4.12 (a). σ(ξ) is fitted with a power-law relationship,  

                                                                (4.8) 

with the exponent α = 2.104 ± 0.416. Eq. (6) reflects the general trend: σ decreases with the 

ασ ξ −∝
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increase of ξ, which corresponds to smaller interface length (Lint.) and fewer interfacial r-GO 

sheets in the network. A simple model can be constructed to explain the numerical value of α. 

Since the average distance between r-GO aggregates in the PLA phase is much larger than the 

distance between the adjacent r-GO sheets at the interface (Figure 4.5 (c) and (d), and Figure 4.6), 

we can ignore the contribution from the r-GO in the PLA phase to the conductivity and focus on 

the interfacial r-GO.  

 From the discussion related to Figure 4.8, σʹ at 20 Hz can be identified as the DC 

conductivity, σ. Therefore, the macroscopic conductivity of the blend with r-GO loading larger 

than 0.25 wt% in Figure 4.12 (a) can be expressed as,  

11 1 −= = × ∝
d R

R A
σ

ρ  
                                                     (4.9) 

where ρ is the DC resistivity and R is the resistance of the sample. Here, A and d are the cross-

section area and the thickness of the tested sample (Figure 4.12 (b) and (c), see also Eq. (4.3)). A 

and d are both constant (~ 4.9 cm2 and ~ 500 μm, respectively). Microscopically, the conductivity 

is provided by the interfacial r-GO network. Thus, we can also express the resistance in terms of 

the effective cross-section area (Aeff) and resistivity (ρeff) of the interfacial r-GO,  

1 1− −= × ∝ ×eff eff eff
eff

dR A
A

ρ σ
 
                                           (4.10) 

Aeff is the orange region along the interface shown in Figure 4.12 (d),  

1
int ( ) −= × = × ∝eff

AA L w w ξ
ξ  

                                         (4.11) 

where Lint is the total length of interface in the cross-section area of A. We relate Lint to ξ using the 

definition of ξ in Eq. (4.2). w is the width of the orange region in Figure 4.12 (d), which we 

assume to be a constant, on the order of the thickness of the r-GO sheets stacked in the interface. 

σeff in Eq. (4.10) is the effective conductivity of the orange region, which is composed of a quasi-
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2D polymer/graphene composite spread on the interface between PLA and PS.  

We extracted the relation between σeff and Φ based on a previous study on 

polymer/graphene layered composites by Zhu et al.146. In order to find the effective conductivity 

(σeff) of the polymer/graphene interface (the orange region in Figure 4.12 (d)) at different 

graphene loading (Φ2D), we use literature results from the in-plane conductivity of thin-film 

composites with graphene aligned in the films.146 The geometry of these thin-film composites is 

similar to the polymer/graphene interface we have in our blends. As shown in Figure 4.12 (f), we 

re-plotted the results in a log-log format and fitted σeff versus Φ2D before the onset of plateau: 

2eff D
ασ ∝ Φ . The power exponent is 5.15 0.45α = ± . 

Note that the graphene content (Φ2D) in the quasi-2D polymer/r-GO region is different 

from the r-GO content (Φ) in the bulk sample of (PLA/r-GO)/PS blends and can be estimated as  

2
( )

( )

×Φ× × ×Φ×
Φ = = ∝Φ×

×
×

D
C A d C

A d ww

ξ ξ

ξ  

                                       (4.12) 

where the pre-factor of C represents the fraction of r-GO localized at the interface compared with 

all the r-GO in the sample. We assume the pre-factor of C is a constant which depends on the 

dispersion method used and insensitive to bulk r-GO concentrations and annealing time. Φ2D 

should be much larger than Φ because the volume fraction of polymer in the quasi-2D polymer/r-

GO composite is much smaller. Recalling from the power-law fitting in the inset of Figure 4.4 

(a), we have 0.81 0.10ξ − ±∝ Φ . In combination, we finally have 

1
5.15 0.45 5.15 0.45 5.15 0.45 1.38 0.920.81 0.10
2 ( ) ( )

−± ± ± − ±±∝ Φ ∝ Φ× ∝ × ∝eff Dσ ξ ξ ξ ξ          (4.13) 

Combined the results from Eq. (4.9) and Eq. (4.13) we have, 

1 1.38 0.92 1 2.38 0.92− − ± − − ±∝ ∝ × ∝ × =DC eff effR Aσ σ ξ ξ ξ                   (4.14) 

Although there is a large uncertainty in the exponent (−2.38 ± 0.92), it is indeed in quantitative 
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agreement with the experimental exponent of −2.10 ± 0.42 (Figure 4.12 (a)). As such, Eq. (4.14) 

allows us to predict the characteristic domain size from the conductivity and vice versa.  

 

Figure 4.12 Relationship between DC conductivity (σ) and characteristic domain size (ξ): (a) 
Power-law fitting of σ (Φ > Φc) with ξ after 1 h annealing at 180 oC; (b, c) Schematic showing a 
tested sample of (PLA/r-GO)/PS cocontinuous blends in a vertical electric field; (d) Model based 
on the assumption that only the interfacial r-GO (the orange region) contributes to the 
conductivity. (e) TEM micrographs of a (PLA/r-GO)/PS_2.0 wt% blend after 1 h annealing, an 
effective interfacial region of a width w is marked using red arrows. (f) In-plane conductivity of 
graphene-polymer composites at different fillers loadings146. The dash line represents the power 
low fitting before the onset of plateau. 

  



 

 
94 

 

4.3.6 Correlation between the Rheological and Structural Properties 

 In order to establish a quantitative relation between Gʹ to ξ, we decompose Gʹ into two 

parts91,131: the contribution from the PLA and PS components, Gʹcomp., and the contribution from 

the interface, Gʹint.,which includes the contribution from the interfacial r-GO sheets.  

                                                (4.15) 

Gʹcomp. for PLA/PS blends in the composition of 51.2/48.8 wt% (or 48.0/52.0 vol%) can be 

calculated using the model by Yu et al.99,   

                         (4.16) 

where the dimensionless parameters a and b correspond to the average reduced length of the PLA 

and PS domains in the cocontinuous morphology, respectively.99 b = 1 – a. ΦPLA= 3a2 − 2a3= 0.48 

vol% is the volume fraction of PLA, which gives a = 0.486 and b = 0.514.99 GʹPLA = 7435 Pa and 

GʹPS = 464 Pa are the storage modulus after 1 h rheology time sweeps at 1.0 % strain, 1.0 rad/s 

and 180 oC for PLA after thermal reduction and for pure PS, respectively. Therefore, Gʹcomp. = 

2310 Pa from Eq. (4.16). Gʹint, on the other hand, can be extracted by subtracting Gʹcomp. from Gʹ, 

the measured storage modulus of (PLA/r-GO)/PS blends at different filler contents after 1 h time 

sweeps at 180 oC (Figure 4.9 (a)). We plotted Gʹint. for (PLA/r-GO)/PS blends above the 

percolation threshold as a function of ξ in Figure 4.13. A power-law fitting leads to,   

int.'G βξ −∝                                                          (4.17) 

with the power exponent β = 1.05 ± 0.12. Gʹint. decreases with the increase of ξ, which 

corresponds to smaller interface area and fewer r-GO sheets along the interface. To quantitatively 

explain the numerical value of β, we modified Yu’s model for Gʹint. in the cocontinuous polymer 

blends99:  

1
int. int. PLA PS int. int.' ( ) −

−= × × + + ∝ ∝sG C S G K Sγ ξ                            (4.18) 

. int.' ' 'compG G G= +

2 2 3 3 2

.
' ( 2 ) ' ' ''
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=
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where Sint. is the interfacial area per unit volume, which is proportional to 1/ξ. γPLA-PS is the 

interfacial tension between PLA and PS (Eq. (S2)). GS and Kint. are the surface shear modulus and 

surface compression modulus of r-GO at the PLA/PS interface from interfacial rheology. GS and 

Kint are constant and shall be explained in detail below. The prefactor C is also a constant and is 

defined as by Yu et al.99, 

                                               (4.19) 

where k is a correction index to account for the random orientation and possible distortion of the 

cocontinuous structure. Because the (PLA/r-GO)/PS blends in this study were hot pressed and 

tested in the parallel plate rheometer in the molten state, the strong distortion/orientation in the in-

plane direction gives k =0.12, which is used in similar samples in other systems.99 ω is the 

angular frequency; τ = η0ξ0/γPLA-PS is a characteristic time that depends on the ratio of the viscous 

stress to the interfacial tension, with η0 and ξ0 being the viscosity (1% strain, 1 rad/s) and 

characteristic domain size of neat blends without annealing. The parameters f1 and f2 depend on 

the viscosity ratio p of the two phases (PLA and PS) as:  

1 2
40( 1) 5,

(2 3)(19 16) 2 3
pf f

p p p
+

= =
+ + +

                                    (4.21) 

where p = ηPS/ ηPLA = 24,000 Pa∙s / 5,500 Pa∙s = 4.36, and both fluid viscosity were tested at 1% 

strain and 0.01 rad/s. Using k = 0.12, η0 = 4,900 Pa∙s, ξ0 = 2 μm, γPLA-PS = 2.385 mPa∙m and p = 

4.36, we estimated the prefactor C ≈ 0.057 from Eq. (4.19). Therefore, the calculated correlation, 

Gʹint. ~ ξ−1, consistent with our experimental measurement on the power exponent (Figure 4.13).  

 More quantitatively, GS and Kint. are related to the interfacial rheology of r-GO at 

interface and, therefore, are basically independent of the polymer matrix used in the study. Hence, 

we can use the interfacial rheology of GO sheets in the water/air interface147 to predict GS and Kint. 

in this study. When GO sheets percolate on the water/air interface, the surface shear modulus GS 

2 2
2

2 2 2
1

1 3( )
6 4

fC k
f

ω τ
ω τ

= +
+
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from the interfacial experiments is in the order of 10−2 mPa∙m, whereas the surface compression 

modulus Kint. is three orders of magnitude larger at ~ 60 mPa∙m.147 In other words, it is easier to 

shear the GO sheets rather than compress them in the water/air interface. Therefore, we can 

neglect the contribution from GS in the calculation of Gʹint. A modification is needed for Kint..  

 

Figure 4.13 Interfacial storage modulus (Gʹint.) versus the characteristic domain size (ξ). The red 
dashed line gives the power-law fit.  

In the water/air study, GO sheets form monolayers on the interface (~ 0.8 nm thickness). 

As shown in Figure 4.5 (d) and Figure 4.6 (b,d,f), we estimated that the average thickness of the 

interfacial r-GO is ~ 8.7 nm, which indicates that after melt compounding the interfaces are 

covered with multilayers of r-GO. If we assume the thickness of a r-GO monolayer is ~ 0.8 nm 

then each interfacial r-GO sheet (one thin black line under TEM) contains on average 10 layers of 

monolayer r-GO.  Thus,   

int. = = ×sK E E h                                                     (4.22) 

where Es and E are the surface Young’s modulus and Young’s modulus of r-GO respectively, and 
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h is the thickness of single r-GO sheet. If we assume the Young’s modulus of GO and r-GO 

monolayer are similar, Kint. of the r-GO sheet aggregates should be ~ 10 times larger than that of 

GO monolayer at water/air interface, which is ~ 600 mPa∙m, much larger than γPLA-PS at 2.39 

mPa∙m. Hence, the Eq. (4.18) can be simplified as,  

int.
int.' 0.057= ×

KG
ξ

                                                (4.23) 

For a typical ξ of ~ 1 μm to 10 μm, corresponding 2.0 wt% to 0.15 wt% of r-GO contents, Eq. 

(4.23) gives the Gʹint. in the range from 2000 Pa to 18000 Pa, agreeing well with our experiments 

in Figure 4.13.   
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4.4 Conclusions 

In this study, we showed that thermally reduced graphene oxide (r-GO) can trap at the 

PLA/PS interface in the form of multilayers during melt compounding and annealing. When the 

filler content is above 0.028 vol% (or 0.05 wt%), r-GO can percolate on the interface and 

effectively arrest the coarsening. As such, the cocontinuous structure can be stabilized with 

relatively small characteristic domains (ξ). We found that the premixing procedure and 

compounding sequence are important in determining the localization of r-GO in the blends. If the 

r-GO is premixed with PS, the r-GO will always stay in the PS matrix even after melt mixing and 

annealing. The stabilization of the cocontinuous structures cannot be achieved.  

Using the modified parallel plates of a rheometer that serve both as the rheological 

measurement fixture and the electrodes, we simultaneously measured the rheology and 

conductivity of (PLA/r-GO)/PS blends during annealing at the processing temperature. Both the 

storage modulus (Gʹ) and conductivity (σ) increase with annealing time due to the formation of 

the 3D network of r-GO along the interface. At 2.0 wt% of r-GO loading, the conductivity of the 

(PLA/r-GO)/PS blend after 1 h annealing can reach 1.97 × 10-5 S/cm at 180 oC, more than two 

orders of magnitude larger than that of (PS/r-GO)/PLA blends and PLA/r-GO composites at the 

same filler content. Moreover, the percolation threshold (Φc) of (PLA/r-GO)/PS blends is only 

0.05 wt%, 50 times lower than of the PLA/r-GO composites. In addition, the rheology frequency 

sweeps revealed that the (PLA/r-GO)/PS blends show gel-like behaviors when the r-GO loading 

is above the percolation threshold. In contrast, the (PS/r-GO)/PLA blends show liquid-like 

behaviors due to the lack of the 3D r-GO networks at the interface.  

 Correlations between electrical, rheological and structural properties of the cocontinuous 

blends were examined via quantitative analysis. By assuming that only interfacial r-GO 

contributes to the conductivity, the power-law relation between σ and ξ can be quantitatively 



 

 
99 

 

interpreted using a simple model. With the modified rheology model of cocontinuous polymer 

blends and the corresponding interfacial rheology data, we showed that the interfacial 

contribution of storage modulus (Gʹint.) is related to the reciprocal of ξ. The set of correlations 

explored in our study will allow for determining the microscopic structure of cocontinuous 

polymer blends from the more facile and non-destructive tests of the conductivity and rheology of 

the materials.  
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Chapter 5: Control of Graphene Localization in 
Cocontinuous Polymer Blends via Kinetic 

Methods during Melt Compounding 

5.1 Introduction  

 Thanks to their two-dimensional structure, high aspect ratio and superior electrical 

properties, graphene has attracted great attention for its application in electronics.100,107 The 

addition of graphene to the polymer matrix is an effective method for preparing conductive 

polymer composites (CPCs).107,130 To achieve lower percolation thresholds, it is necessary to 

selectively localize graphene in one phase of the polymer blend130,86 or at the interface of the 

cocontinuous polymer blend89,148.  For example, in Chapter 4, thermally reduced graphene oxide 

was localized at the interface of polystyrene (PS)/polylactic acid (PLA) cocontinuous blends to 

reduce the percolation threshold to 0.05 wt%.148  

To avoid the problem of graphene aggregation during melt processing, solution blending 

has been widely used to disperse graphene sheets in polymer blends. Mao and co-workers86 used 

octadecylamine-functionalized graphene, which preferably stays in the PS phase of the 

poly(methyl methacrylate) (PMMA)/PS cocontinuous blends with tetrahydrofuran (THF). Qi and 

co-workers130 selectively localized graphene in the PS matrix of the PS/PLA blend with 

dimethylformamide (DMF). Tan and co-workers89 introduced poly(styrene-co-

methylmethacrylate) copolymer grafted graphene at the interface of PMMA/PS cocontinuous 

blends with DMF. When solvent blending is applied, the localization of graphene is mainly 

affected by thermodynamic factors, the surface energy of graphene and the two polymer 

components.148,149 Similar to other conductive fillers such as carbon blacks108,145 and carbon 
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nanotubes110,134, graphene prefers to selectively locate in one polymer phase or at the interface to 

minimize free energy of the whole system.  

Compared with solution blending, melt compounding is a more cost-effective method to 

manufacture polymer blends.132 Many efforts have been made to incorporate graphene into 

polymer blends using melt compounding. For example, in Chapter 4,148 we have been able to 

successfully locate the thermally reduced graphene oxide (r-GO) at the interface of PLA/PS 

cocontinuous polymer blends via melt compounding PS with PLA/r-GO masterbatch. Shen and 

co-workers111 claim to have introduced chemically reduced graphene oxide at the interface of 

PLA/ethylene-vinyl acetate (EVA) cocontinuous blends via melt compounding EVA with PLA/r-

GO masterbatch. Tu and co-workers149 selectively located graphene in the polyethylene (PE) 

phase of the PE/polypropylene (PP) blend within a twin screw extruder. When graphene or other 

conductive fillers were melt compounded into polymer blends, the kinetic parameters such as 

compounding sequence,111,148,149 melt viscosity of polymer components149,150,151, melt 

compounding time82,108,152,153 and shear rate132,154 also significantly affect the migration and 

localization of graphene. Although these kinetic factors have been discussed in the literature 

related to carbon black82,108,150,152 and carbon nanotubes132,151,153,154, to the best of our knowledge, 

there is no prior report that systemically studies kinetic effects on the localization of graphene in 

polymer blends. More importantly, understanding and controlling graphene localization via 

kinetic methods during melt compounding could be the key towards future commercial 

applications of conductive polymer composites.  

In the present study, we incorporated non-functionalized graphene nanoplates into the 

PLA/PS cocontinuous blends via melt compounding PS with PLA/graphene masterbatch. With 

proper control of melt compounding sequence, shear rate and mixing time, we localized most 

graphene at the blend interface. The effect of melt compounding sequences and time on the 

migration and localization of graphene were further systemically studied with rheological and 



 

 
102 

 

electrical properties of the blends during annealing. In addition, the characteristic domain sizes, 

quantified by the morphology change of the blends during annealing, provide an indicator of 

interfacial graphene percentage of the blends with different melt compounding time. We found 

that the blend with shorter melt compounding time gives rise to higher interfacial graphene 

percentage and more effective morphology stabilization effect during annealing.  

5.2 Experimental Section 

5.2.1 Materials 

Polylactic acid (PLA, IngeoTM Biopolymer 2003D, Tm ~ 147 oC, ρmelt = 1.12 g/cm3 at 180 

oC) and polystyrene (PS, STYRON 666D, Tg ~ 96 oC, ρmelt = 0.98 g/cm3 at 180 oC) were obtained 

from NatureWorks LLC and Trinseo, respectively. The molecular weight and rheology properties 

of PLA and PS were discussed in Chapter 4.2.1 in detail. While PS was used as received, PLA 

was further dried under vacuum at 40 oC overnight before use.  

Graphene nanoplates (GNPs, N002-PDR, ρ ~ 2.2 g/cm3) were purchased from Angstron 

Materials. According to the manufacturer their average lateral dimension is ≤ 10.0 μm and 

thickness ~ 1.0 – 1.2 nm. As shown in Figure 5.1, Hyun et al155 used TEM to measure the lateral 

dimensions of N002-PDR GNPs. Figure 5.1 (a) shows that the GNPs are wrinkled and disordered. 

Due to the wrinkles on the edge of GNPs, the average thickness measured from AFM is much 

larger than the actual thickness. In order to determine more accurately the thickness and number 

of graphene layers in one piece of GNPs, the GNPs were further imaged using high-resolution 

TEM.155 Figure 5.1 (b) shows a folded edge of one piece of GNPs and reveals that the actual 

thickness and the number of graphene layers are ~ 1.3 nm and 3 layers.  
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Figure 5.1 (a) TEM image of one piece of GNPs; (b) High-resolution TEM of a folded edge of 
one piece of GNPs.155 

 In order to quantify the diameter distribution of GNPs, we used AFM to image the GNPs 

in Figure 5.2. GNPs were dispersed in the N-methyl-2-pyrrolidone (NMP), which is known as a 

good solvent of GNPs. Then, the suspension was ultrasonicated for 10 min. Finally, a droplet of 

the GNPs/NMP suspension was placed on a silicon wafer and dried with an air gun. Five different 

AFM images were taken and the images were converted to the binary images (Figure 5.2 (c)) in 

Image J software with manual correction. The areas of different GNPs sheets in Figure 5.2 (c) can 

be achieved by Image J and the average area is ~ 1.25 μm2, which is much larger than that of r-

GO in Chapter 4.2.3. If we assume the shape of each GNPs sheet is spherical, the equivalent 

diameter distribution was finally calculated giving a number average of ~ 1.47 μm (Figure 5.2 

(e)). A comparison of dimensions and other physical properties between GNPs used here and r-

GO used in Chapter 4 is listed in Table 5.1. Note that the average thickness in Figure 5.2 (d) (~ 

33.3 nm) is inaccurate because the GNPs were highly wrinkled as shown in Figure 5.1 (a). 
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Figure 5.2 (a) AFM image of GNPs dispersed on the silicon wafer; (b) thickness measurements 
of Figure (a); (c) binary image of Figure (a) from Image J software with manual correction; (d) 
thickness distribution of GNPs from 103 measurements, and the number average thickness is 33.3 
nm; (e) diameter distribution of GNPs from Figure c and the number average diameter is ~ 1.47 
μm. 

Table 5.1 Dimensions and physical properties of r-GO and GNPs 

Properties r-GO GNPs 

Avg. Area (μm2) ~ 0.03 ~ 1.25 

Thickness (nm) ~ 0.8 ~ 1.3 

C/O ratio 4.3 50.7 

5.2.2 Conductive Polymer Composites Preparation  

Masterbatch Preparation: Similarly with the procedure in Chapter 4.2.4, PLA was first dissolved 

in N,N-dimethylformamide (DMF) at the concentration of ~ 0.25 g/mL at 80 oC with stirring. The 

desired amount of GNPs was also dispersed in DMF at the concentration of ~ 8.3 mg/mL with 

ultrasonic exfoliation for 2 h. Then, the suspension of GNPs in DMF was added into the 

PLA/DMF solution. After mechanically stirring of the mixture for 2 h, we added the mixture 
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dropwise into a large volume of vigorously stirred methanol to precipitate a PLA/GNPs 

masterbatch. Then, the masterbatch was filtered and dried in an air circulating oven at 80 oC for at 

least 5 h to remove the residual methanol. Finally, the dried PLA/GNPs masterbatch was further 

dried in vacuum at 40 oC overnight. In order to test the thermodynamic compatibility of PS and 

GNPs and the effect of different compounding sequences, we also prepared some PS/GNPs 

masterbatches following a similar procedure.   

Melt Compounding: All the blends were mixed using a conical twin-screw micro-compounder 

(Xplore MC5) at 180 oC under nitrogen protection. The PLA/GNPs masterbatch was first added 

into the micro-compounder at 50 RPM, and PS was then added at 50 RPM. Finally, the shear rate 

was increased to 200 RPM for 5 min melt compounding. The product was extruded and quickly 

quenched in liquid nitrogen to preserve the cocontinuous morphology of the blend. The shear rate 

of 200 RPM was chosen based on a study of melt compounding in different shear rates, see 

Appendix F. We found that 200 RPM was the most effective choice to exfoliate GNPs and 

facilitate GNPs migration in the polymer matrix. 

 In order to study kinetics of GNPs transfer during melt compounding, we prepared 

composites with different melt compounding times. For all the composites, we kept the ratio of 

PLA/GNPs masterbatch and PS in all the blends at 51.2/48.8 weight ratio. In this study, we use 

the notation, (PLA/GNPs)/PS_x wt%, to denote composites with x wt% GNPs premixed with 

PLA phase and then compounded with PS at 180 oC. Similarly, (PS/graphene)/PLA_x wt% is 

used to present composites with x wt% GNPs premixed with PS before compounding with PLA.  

Annealing: A small piece (0.1 – 0.5 g) of each blend was placed in between two sheets of 

fluoropolymer-coated fabric in a steel mold. The sample was then annealed at 180 oC for 10, 30 

or 60 min in a Wabash hydraulic press under pressure of 700 lb (~ 1.59 MPa). After annealing, 

the sample was cooled down to room temperature in a water-cooled press.  
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5.2.3 Sample Characterization 

Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM): The 

characteristic domain size of PLA/PS/GNPs cocontinuous blends was studied by SEM 

(JEOL6500), and the localization of GNPs in the blends was studied by TEM (FEI Tecnai T12). 

The details about sample preparation of SEM and TEM were discussed in Section 4.2.5 of 

Chapter 4. Detailed analysis of SEM images and calculation of characteristic domain size (ξ) 

were discussed in Eq. (4.2) and Appendix E.  

Rheological and dielectric conductivity measurements: Viscoelastic and dielectric spectra of 

samples were obtained simultaneously using a TA Instrument ARES rheometer with a TA 

Instrument DielectricThermal Analysis Accessory (DETA). An Agilent 4980A LCR bridge was 

attached on the 25 mm parallel plate of the rotational rheometer to apply AC voltage and measure 

the resulting current. During a rheology time sweep, the complex capacitance of samples, C*, was 

monitored at a root-mean-square potential of 1 V with an AC frequency, ωAC, between 20 Hz – 2 

MHz. In order to compare with the annealing process in the hot press, the time sweeps were 

performed at 180 oC for 1 h with 1.0 % strain and 1 rad/s rotational frequency. The relation 

between the complex permittivity ε* and complex electrical conductivity σ* were discussed in 

detail in Eq. (4.3) and Eq. (4.4) of Chapter 4.2.6. The imaginary part of the complex permittivity, 

εʺ, gives the real part of the complex conductivity, σʹ, which represents the electrical loss of 

polymer composites due to free electron conduction. The plots reported in this study show the 

real part of conductivity at an AC frequency of 20 Hz.    
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5.3 Results and Discussion 

5.3.1 Nanofillers localization and coarsening suppression effect 

As discussed in Chapter 2 and 3, the localization of nanofillers was predicted by the 

calculation of wetting coefficient.91,131 In this study, the wetting coefficient of GNPs in the 

PS/PLA blend is defined as, 

GNPs/PLA GNPs/PS

/

cos
PLA PS

γ γω θ
γ

−
= =                                              (5.1)                                    

where θ is the three phase contact angle of GNPs at the interface, γGNPs/PLA, γGNPs/PS and γPLA/PS are 

the interfacial energies (or interfacial tensions) between GNPs and PLA, GNPs and PS, and PLA 

and PS, respectively. Because of the difficulties in experimentally measuring the interfacial 

energy between GNPs and polymers, all these interfacial energies were calculated according to 

the Owens-Wendt Equation95,96 with the harmonic mean of dispersive and polar part of surface 

energies. For example,  

/PS 2 2d d p p
PLA PLA PS PLA PS PLA PSγ γ γ γ γ γ γ= + − −                                (5.2) 

where γd and γp are the dispersive and the polar part of the surface energy of the components at 

processing temperature of 180 oC, respectively. The γPLA/PS at 180 oC was already calculated based 

on literature values in Table 4.2, and the value is 2.39 mJ/m2.  

In order to calculate the γGNPs/PLA and γGNPs/PS at 180 oC, we need the γ, γd and γp of GNPs 

at 180 oC. We assume the polarities of GNPs, chemically reduced GO (c-rGO) and pure GO are 

related to their different C/O ratios, i.e. the γd/γp value increases with the C/O ratio. From 

discussion in Chapter 4, the C/O ratios of GO and c-rGO are 1.5 and 10.3, respectively, while the 

C/O ratio of GNPs in this study is 50.7. As the C/O ratio of GNPs is much larger, the polarity of 

GNPs is significantly smaller than that of GO and c-rGO, resulting in a very small polar surface 

energy, γp, when compared with that of GO (γp ~ 17.99 mJ/m2) and c-rGO (γp ~ 2.22 mJ/m2). 
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Furthermore, since γd at 180 oC of c-rGO and GO are 28.98 mJ/m2 and 28.61 mJ/m2, respectively, 

C/O ratios does not significantly modify γd. Based on these assumptions, the calculated γ, γd and 

γp of GNPs at 180 oC are 29.42 mJ/m2, 28.98 mJ/m2 and 0.44 mJ/m2, respectively. Therefore, the 

calculated γGNPs/PLA and γGNPs/PS at 180 oC from Eq. (5.2) is 8.71 mJ/m2 and 2.21 mJ/m2, 

respectively. 

Base on Eq. (5.1), GNPs prefer to locate at the interface between PLA and PS when − 1 < 

ω < 1. If ω < − 1, the GNPs prefer to locate in the PLA phase, whereas GNPs prefer to stay in the 

PS phase when ω > 1. From the above calculations, γGNPs/PLA, γGNPs/PS and γPLA/PS are 8.71 mJ/m2, 

2.21 mJ/m2 and 2.39 mJ/m2, respectively. Therefore, the calculated wetting coefficient is 2.73, 

which suggests that during melt compounding the GNPs prefers to transfer from the premixed 

PLA phase, the thermodynamically less favorable phase, to the PS phase, the thermodynamically 

more favorable phase.  

Figure 5.3 shows TEM images of the (PLA/GNPs)/PS blends of 0.5 wt% and 2.0 wt% 

GNPs without any annealing. As highlighted by yellow arrows in Figure 5.3, some of GNPs 

located in the PS phase after 5 min melt compounding at 180 oC, and none of GNPs can be found 

in the premixed PLA phase. The preference of GNPs for the PS phase is consistent with the 

wetting coefficient calculation. Similar selective localization of graphene in PLA/PS blends via 

solution blending were also observed by Mao et al.86 More interestingly, a significant fraction of 

GNPs can be found at the interface between the PLA and PS phase, as highlighted by white 

arrows in Figure 5.3. These interfacial GNPs were kinetically trapped at the interface during melt 

compounding and failed to achieve the thermodynamic equilibrium. Figure 5.4 show TEM 

images of the (PLA/GNPs)/PS blends of 0.5 wt% and 2.0 wt% GNPs after 60 min annealing at 

180 oC. Due to high viscosity of the PS phase and relatively large lateral dimensions of GNPs 

(avg. area ~ 1.25 μm2), migration of interfacial GNPs into the PS phase during annealing in the 

direction perpendicular to the interface can be safely neglected. Therefore, the interfacial GNPs 
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would still remain at the interface even after 60 min annealing as highlighted by the white arrows 

in Figure 5.4.  

 

Figure 5.3 TEM images of the as-prepared (PLA/GNPs)/PS blends without any annealing: (a, b) 
0.5 wt% GNPs; (c, d) 2.0 wt% GNPs. The darker phase is PS, while the lighter phase is PLA. The 
black lines are GNPs. The interfacial GNPs are highlighted by white arrows, while GNPs in the 
PS phase are highlighted by yellow arrows.  
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Figure 5.4 TEM images of the (PLA/GNPs)/PS blends after 60 min annealing at 180 oC: (a, b) 
0.5 wt% GNPs; (c, d) 2.0 wt% GNPs. The darker phase is PS, while the lighter phase is PLA. The 
black lines are GNPs. The interfacial GNPs are highlighted by white arrows, while GNPs in the 
PS phase are highlighted by yellow arrows.    
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The coarsening suppression effects of GNPs and r-GO on the PLA/PS cocontinuous 

polymer blends are compared in Figure 5.5. Figure 5.5 (a) shows the characteristic domain size, ξ, 

of the PLA/PS blends with different loadings of GNPs and r-GO as a function of annealing time 

at 180 oC. As shown in Figure 5.5 (a), the neat blend shows an increase of domain size from ~ 2 

μm to ~ 77 μm within 60 min annealing. When 0.5 wt% GNPs were premixed with PLA and then 

melt compounded with PS, the domain size gradually increases from ~ 2 μm to ~ 15 μm after 30 

min annealing. The characteristic domain increases much slower after 30 min annealing and it 

almost reaches a plateau of ~ 16 μm after 60 min annealing. When the GNPs loading is increased 

to 2.0 wt%, the characteristic domain size slightly increases during the first 10 min annealing and 

then almost reaches a plateau of ~ 2.5 μm after 60 min annealing. 

 

Figure 5.5 (a) Characteristic domain size, ξ, as a function of annealing time at 180 oC for PLA/PS 
neat blend, (PLA/r-GO)/PS blends and (PLA/GNPs)/PS blends with different filler contents. 
Figure (b) shows the magnified details of the selected region in Figure (a).   

 The coarsening suppression effect of (PLA/GNPs)/PS blends is due to a synergistic 

effect from both the GNPs in the PS phase and those trapped at the interface: (1) The GNPs 

located in the PS phase (Figure 5.3 and 5.4) increase the viscosity of PS phase and slowing down 
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the coarsening of PLA/PS blend. The details about viscosity increase of PS phase were discussed 

in Appendix G. (2) Due to reduction of interfacial area during coarsening, the GNPs located at the 

interface begin to contact each other and form a network at the interface. As the interfacial area 

decreased during annealing, the planar density of interfacial GNPs on the interface is higher for 

blends after 60 min annealing in Figure 5.4 than blends without annealing in Figure 5.3. It is 

worth noting that the interfacial GNPs merely formed a network at the interface rather than fully 

covered the interface as r-GO in Chapter 4.  

The characteristic domain size changes of the (PLA/r-GO)/PS blends during annealing in 

Chapter 4 are also shown in Figure 5.5. When the filler loading is 0.5 wt%, r-GO is more 

effective to suppress the coarsening and stabilize the cocontinuous morphology compared with 

GNPs. As discussed in Chapter 4, r-GO prefers to locate at the interface at the thermodynamic 

equilibrium state. Besides some r-GO aggregates remained in the premixed PLA matrix, most r-

GO pieces located at the interface. However, GNPs prefer to stay in the PS phase in the 

thermodynamic equilibrium state. While some GNPs were kinetically trapped at the interface, 

others migrate to the PS phase during melt compounding. Therefore, the percentage of interfacial 

GNPs is smaller than that of interfacial r-GO. Hence, the blends with 0.5 wt% r-GO has larger 

amount of interfacial r-GO to effectively arrest the coarsening and achieve a smaller 

characteristic domain size. When the filler loading is further increased to 2.0 wt%, the coarsening 

suppression effects of r-GO and GNPs are almost the same. This is due to the dramatically 

increased viscosity of the GNPs located in the PS phase (Figure G.1 in Appendix G),which could 

also effectively suppress the coarsening and stabilize the cocontinuous morphology. Similar 

phenomena have also been observed in other nanofillers selectively located and percolated in one 

polymer phase.86,108,145,156 
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5.3.2 Effect of different melt compounding sequences 

As mentioned in the Section 5.3.1, the localization of a significant amount of GNPs in the 

PLA/PS interface does not match the wetting coefficient calculation, which predicts localization 

of all GNPs in the PS. The wetting coefficient calculation is purely based on the thermodynamic 

interactions of GNPs with polymeric phases. Kinetic parameters such as the melt compounding 

sequences of polymeric components135,136,148,157 and melt compounding time82,108,132,152,153 also 

affect the distribution of nanofillers in the polymer blends. In the following, we chose PLA/PS 

blends with 0.5 wt% GNPs as our reference to investigate the effects of the kinetic factors on the 

localization and migration of GNPs in the blend. Both the rheological and electrical properties of 

the GNPs filled polymer blends are sensitive to the localization and distribution of conductive 

fillers in the blends.145,148,158 Here, we used a dielectric setup on the parallel plate rheometer to 

simultaneously record the rheological and electrical properties of the blends during annealing at 

180 oC. Similar to the results shown in Chapter 4, all dielectric conductivities plotted in this study 

were measured at 20Hz. Because it took finite time to prepare the sample under hot press and 

load the sample into the setup, the first data point represents the shear modulus and conductivity 

of the blend after 7 min annealing.  

Figure 5.6 records the variation of the shear modulus and dielectric conductivity with 

annealing times for PLA/PS blends with 0.5 wt% GNPs using different compounding sequences. 

For the (PLA/GNPs)/PS_0.5 wt% blend, both the storage modulus, Gʹ, and dielectric conductivity, 

σ, firstly sharply increase after ~ 10 min annealing and then change to more gradual increase after 

~ 30 min annealing. The increase of Gʹ and σ is mainly due to the formation of network by the 

interfacial GNPs during the coarsening. The network provides a mechanical scaffold as well as a 

path for electrons to pass through the sample. Note that the dielectric conductivity of 

(PLA/GNPs)/PS_0.5 wt% blend is an order of magnitude larger than that of (PLA/r-GO)/PS_0.5 

wt% (or 0.28 vol%) in our previous work in Chapter 4.148 This is due to the higher conductivity of 
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GNPs than r-GO (Table 5.1 in Supporting Information). More importantly, with a different 

compounding sequence for the (PS/GNPs)/PLA_0.5 wt% blend, Gʹ clearly shows a less sharp 

increase. The plateau Gʹ value of the (PS/GNPs)/PLA_0.5 wt% blend is obviously smaller than 

that of the (PLA/GNPs)/PS_0.5wt% blend. More strikingly, σ of the (PS/GNPs)/PLA_0.5 wt% 

blend is more than three orders of magnitudes smaller than the (PLA/GNPs)/PS_0.5 wt% blend 

after 60 min annealing (Figure 5.6 (b)).  

 

Figure 5.6 Shear modulus (a) and dielectric conductivity (b) as a function of annealing time at 
180 oC for PLA/PS blends with 0.5 wt% GNPs using two different compounding sequences: 
GNPs premixed with PLA ((PLA/GNPs)/PS_0.5 wt%) and GNPs premixed with PS 
((PS/GNPs)/PLA_0.5 wt%). The data were measured at a rotation frequency of 1.0 rad/s and 
strain of 1.0 %. 

The different rheological and electrical properties arise from different coarsening 

behaviors and GNPs distributions in the (PLA/GNPs)/PS_0.5 wt% and (PS/GNPs)/PLA_0.5 wt% 

blends. As shown in Figure 5.7 (a), the characteristic domain size of the (PS/GNPs)/PLA_0.5 wt% 

blend does not reach the plateau after annealing and the final value was almost twice of that of the 

(PLA/GNPs)/PS_0.5 wt%. The localization of GNPs in (PS/GNPs)/PLA_0.5 wt% blend was 

further observed under TEM. Without annealing, all GNPs located in the pre-mixed PS phase 

after melt compounding (Figure 5.7 (b)). After further 60 min annealing at 180 oC, all GNPs still 
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remain in the thermodynamically more favorable PS phase (Figure 5.7 (c) and (d)), and very few 

interface is covered by GNPs. Thus, for the (PS/GNPs)/PLA_0.5 wt% blend, GNPs in the PS 

phase merely slow down the coarsening because of the viscosity increase effect (Figure G.1 (a) in 

the Appendix G). Therefore, the comparison of Gʹ, σ and domain size change during annealing 

between PLA/PS blends with 0.5 wt% GNPs in different compounding sequences indicates that 

the GNPs in the PS phase have limited contribution to the increase of Gʹ and σ and the coarsening 

suppression in the (PLA/GNPs)/PS_0.5 wt% blend. For the (PLA/GNPs)/PS_0.5 wt% blend, the 

effective morphology stabilization is mainly due to the existence of interfacial GNPs and the 

formation of GNPs network along the interface. Similarly, the interfacial GNPs network 

dominates the increase of the storage modulus and electric conductivity in the 

(PLA/GNPs)/PS_0.5 wt% blend. 
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Figure 5.7 (a) Characteristic domain size, ξ, as a function of annealing time at 180 oC for PLA/PS 
neat blends, (PLA/GNPs)/PS_0.5 wt% blends and (PS/GNPs)/PLA_0.5 wt% blends. TEM 
micrographs of the (PS/GNPs)/PLA_0.5 wt% blends: (b) without annealing; (c, d) after 60 min 
annealing. The darker phase is PS and the lighter phase is PLA. The black lines are GNPs. GNPs 
in PS are highlighted by the yellow arrows. (d) shows the magnified image of the selected region 
in (c).   
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5.3.3 Effect of different melt compounding time 

 To investigate the effect of melt compounding times on the migration and localization of 

GNPs in the PLA/PS cocontinuous polymer blends, (PLA/GNPs)/PS_0.5 wt% blends with 30 s, 5 

min and 10 min melt compounding time were prepared. As shown in Figure 5.8, compared with 

the PLA/PS neat blend, the (PLA/GNPs)/PS_0.5 wt% blends with different melt compounding 

times successfully suppress the coarsening but in different degrees. The coarsening of the 30 s 

compounding blend was effectively arrested with a domain size plateauing at ~ 8 μm at long 

annealing times. The coarsening of the 5 min compounding blend is also effectively suppressed, 

but the characteristic domain size still slightly increases after 30 min annealing and finally 

reaches ~ 16 μm at long annealing times. In comparison, the coarsening of the blend with 10 min 

compounding was only partially suppressed, and the characteristic domain size continuously 

increase though with a smaller rate than the neat blend. As discussed in Section 5.3.2, the 

interfacial GNPs dominates the coarsening suppression of the cocontinuous morphology. Given 

the same GNPs loading, the effectiveness in morphology stabilization is mainly determined by 

the amount of GNPs that are trapped at the interface. Thus, the characteristic domain size can be 

used as an indicator to reflect the percentage of interfacial GNPs in the blend. The smaller 

characteristic domain size of (PLA/GNPs)/PS_0.5 wt% with 30 s compounding suggests a higher 

percentage of GNPs located at the interface, which provides a more effective way for suppressing 

coarsening. 
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Figure 5.8 (a) Characteristic domain size, ξ, as a function of annealing time at 180 oC for PLA/PS 
neat blend and (PLA/GNPs)/PS_0.5 wt% blends with 30 s, 5 min and 10 min melt compounding 
time. Figure (b) shows the magnified details of the selected region in Figure (a).   

The localization of GNPs in the (PLA/GNPs)/PS_0.5 wt% blends with 30 s and 10 min 

melt compounding with and without annealing was further shown in TEM (Figure 5.9). For as-

prepared blends without any annealing, it is obvious that the 30 s compounding blend has more 

GNPs located at the interface than the 10 min compounding blend (Figure 5.9 (a) and (b)). As we 

have assumed before, the migration of interfacial GNPs to the PS phase during annealing should 

be negligible due to the high melt viscosity of the polymer matrix and relatively large lateral 

dimension of GNPs. Based on the assumption, the coarsening during annealing only shrinks the 

interfacial area and changes the planar density of interfacial GNPs. The coarsening does not 

change the percentage of interfacial GNPs over the total GNPs loadings in the blend. Therefore, 

even after 10 min and 60 min annealing, the 30 s compounding blend (Figure 5.9 (c) and (e)) still 

has more interfacial GNPs than that of the 10 min compounding blend (Figure 5.9 (d) and (f)). 

Indeed, the interfacial GNPs of the 30 s compounding blend already jam at the interface after 60 

min annealing, as suggested by the plateau of the domain size in Figure 5.8 (b).  
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Figure 5.9 TEM images of (PLA/GNPs)/PS_0.5 wt% blends: (a) with 30 s compounding and 
without any annealing; (b) with 10 min compounding and without any annealing; (c) with 30 s 
compounding and after 60 min annealing; (d) with 10 min compounding and after 60 min 
annealing. The darker phase is PS and the lighter phase is PLA. The black lines represent the 
GNPs under TEM. The interfacial GNPs are highlighted by the white arrows, while GNPs in PS 
phase are highlighted by the yellow arrows. 
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Compounding times also strongly affect the kinetics of GNPs migration during melt 

compounding. From the domain size (Figure 5.8) and TEM images (Figure 5.9 (a), (c) and (e)), it 

is known that GNPs migrate from the pre-mixed PLA phase to the interface within 30 s 

compounding. The orientation of GNPs with respect to the interface can be quantitatively 

measured by the three-phase contact angle θ, which is the angle between interface and the lateral 

direction of GNPs. Note that due to the polar symmetry, 𝜃𝜃 ∈ [0,𝜋𝜋/2]. We further categorize the 

GNPs trapped at the interface into two groups: (1) parallel GNPs with 0 ≤ θ ≤ π/18 and (2) 

angular GNPs with π/18 < θ ≤ π/2. For the 30s compounding blend, GNPs in both categories were 

observed at the interface (Figure 5.9 (a), (c) and (e)), while very few GNPs could be found in PS. 

The observation indicates that the 30 s melt compounding time is still not sufficient for GNPs 

migration to the PS phase. More TEM images of the 30 s compounding blend after 60 min 

annealing can be found in Appendix H (Figure H.1). Based on all the TEM images of the 30 s 

compounding blend after 60 min annealing, we found that the ratio of interfacial GNPs in the 

parallel orientation versus those in the angular orientation is 0.84. If the orientation of the 

interfacial GNPs is completely random, the ratio should be much smaller at  𝜋𝜋
18

/ �𝜋𝜋
2
− 𝜋𝜋

18
� =

0.125. The difference suggests that the shear flow of melt compounding and the interfacial 

attachment of GNPs redistribute the uniform orientation of GNPs, which shows a strong bias 

toward the parallel orientation. More interestingly, when compared with the 10 min compounding 

blend, we found that GNPs of the angular orientation are more likely to migrate to PS under 

further melt compounding (Figure 5.9 (b), (d) and (f)). Again, more TEM images of the 10 min 

compounding blend after 60 min annealing can be found in Figure H.2 in Appendix H. 

Correspondingly, the ratio of parallel GNPs to angular GNPs increases to 2.0. A schematic 

showing the observed migration and rearrangement of interfacial GNPs during melt compounding 

and annealing is shown in Figure 5.10. Such an orientation-depended GNPs migration directly 
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determines the interfacial coverage of GNPs at different compounding times.   

 

Figure 5.10 Schematics showing the migration and rearrangement of GNPs during melt 
compounding and annealing. The GNPs in parallel and angular orientations are represented by 
color of blue and yellow, respectively. 

The orientation-depended migration of nanofillers can be understood as follows. Favis 

and co-workers157 studied the migration of silica nanoparticles from the PLA/poly(butylene 

adipate-co-terephtahlate)(PBAT) blend interface to the thermodynamic favorable PBAT phase. 

They found the nanofillers migration from the interface to a polymer phase is a process of 

dynamic wetting of the solid phase of the particles by the liquid phase of the polymer. Therefore, 

the migration speed of nanofillers is equivalent to the displacement speed of the three-phase 

contact line, V, which can be estimated as159,160: 
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FV
ξL

=                                                               (5.3) 

where F is the thermodynamic driving force to drag nanofillers from interface to the 

thermodynamic favorable phase during melt compounding.161 The driving force decreases when 

approaching the equilibrium localization of nanofillers and finally vanishes when the equilibrium 

state is achieved. L is the three-phase contact line and ξ is the friction coefficient. If we applied 

Eq. (5.3) to the GNPs in this study, the L of the GNPs in the parallel orientation is the lateral 

dimension of GNPs, which is ~ 1.47 μm on average (Figure 5.2). However, the L of the GNPs in 

the angular orientation is around the thickness of GNPs, which is ~ 1.3 nm on average (Figure 

5.1). The friction coefficient ξ is given by the viscosity of PS159. Since F and ξ are the same for 

the GNPs in different orientations, the migration speed of GNPs in the angular orientation should 

be more than 1000 times larger than that of GNPs in the parallel orientation. This explains why 

most GNPs in the angular orientation migrate into PS after 10 min compounding, which gives rise 

to the smaller interfacial GNPs coverage compared with that of the 30 s compounding blend. 

Similar phenomenon has also been observed by Göldel et al in their study of Slim-Fast 

Mechanism (SFM)134. They found nanofillers with high aspect ratios, e.g. carbon nanotubes 

(CNTs), have fast migration speeds through blend interface than those with low aspect ratios, e.g. 

carbon blacks (CBs). The high migration speed were observed only for high-aspect-ratio 

nanofillers in the angular orientation, while the nanofillers with the parallel orientation do not 

show enhanced migrations speeds (Figure 5 (c) and (d) in Ref. 134).   

Besides the characteristic domain size and TEM images, the rheology and conductivity of 

(PLA/GNPs)/PS_0.5 wt% blends with different melt compounding times also provide further 

insights on the migration and localization of GNPs in the blends. Figure 5.11 (a) illustrates the 

change of the shear modulus of blends with different melt compounding. For the blends with 

different compounding times, the increase of Gʹ suggests the formation of GNPs network along 
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the interface during coarsening. The larger Gʹ of blends with shorter compounding time is mainly 

attributed to the smaller domain size and the corresponding larger interfacial area. Figure 5.11 (b) 

shows the rheology frequency sweeps of blends with different melt compounding time after 60 

min annealing. In the low-ω region, the Gʹ of blend with 30 s compounding is even larger than Gʹʹ 

and shows a plateau with a smaller terminal slope than blends with 5 min and 10 min 

compounding. Both these factors indicate the jamming of interfacial GNPs (Figure 5.9 (e)). For 

blends with 5 min and 10 min compounding, the GNPs network along the interface is loosely 

packed and still far from close-packed jamming (Figure 5.4 (a) and 5.9 (f)). Therefore, the Gʹ in 

the low-ω region is smaller than Gʹʹ and the terminal slope is larger than that of the 30s 

compounding blend.  

 

Figure 5.11 (a) Shear modulus as a function of annealing time at 180 oC for (PLA/GNPs)/PS_0.5 
wt% blends with different melt compounding times. The data were measured at a rotation 
frequency of 1.0 rad/s and strain of 1.0 %. (b) Shear modulus as a function of frequency after 60 
min annealing at 180 oC of (PLA/GNPs)/PS_0.5 wt% blends with different melt compounding 
times. All data are measured at 180 oC with strain of 1.0 %.  

 Figure 5.12 (a) displays the dielectric conductivity of the (PLA/GNPs)/PS blends. For the 

blend with 30 s melt compounding, the conductivity dramatically increases within the first 20 min 

annealing and reaches a plateau value at ~ 10-4 S/cm. However, for blends with longer melt 
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compounding times (5 min and 10 min), the conductivity exhibits much slower increases at the 

beginning and then after 15 min annealing changes to a sharp increase similar to the sample with 

30 s melt compounding, which finally slows down and reaches a small conductivity at ~ 10-5 

S/cm after long annealing. The sharp increase of conductivity in the conductivity vs. nanofillers 

contents corresponds to the percolation threshold. Similarly, the sharp increase in dialectic 

conductivity vs. annealing time also suggests the percolation of a conductive pathway in the 

polymer blends. Specifically, the formation of GNPs network along the interface contributes to 

the observed electrical percolation. For the 30s compounding blend, the higher interfacial GNPs 

percentage makes the formation of GNPs network along the interface faster during annealing than 

blends with longer compounding times. The electrical percolation of the 30 s compounding blend 

occurs ~ 10 min earlier than that of blends with longer compounding times. This also explains 

why, after 10 min annealing, the 30 s compounding blend has about two orders of magnitude 

higher conductivity than that of the 5 min and 10 min compounding blends (Figure 5.12 (b)). The 

conductivity plateau of the 30 s compounding blend after 30 min annealing corresponds to the 

plateau of characteristic domain size in Figure (b). The interfacial GNPs in this blend jam at the 

interface and results in a large plateau conductivity. However, for blends with longer 

compounding times, the continuous conductivity increases after 30 min annealing is related to the 

continuous coarsening in characteristic domain size (Figure 5.8 (b)). The continuous 

rearrangement of the loosely-packed GNPs network along the interface during coarsening gives 

rise to the slow increase in conductivity at long annealing times. Finally, after 60 min annealing, 

due to the shrinkage of the interfacial area and the increase of interfacial GNPs density, the 

difference in conductivity among these three blends significantly reduces (Figure 5.12 (b)). The 

higher conductivity of the blend with 30 s melt compounding time is attributed to the most 

densely packed interfacial GNPs. It is not clear why the conductivity of the blend with 10 min 
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melt compounding is almost the same with 5 min melt compounding whose interfacial GNPs 

percentage is actually larger.   

 

Figure 5.12 (a) Dielectric conductivity at ωAC = 20 Hz as a function of annealing time at 180 oC 
for (PLA/GNPs)/PS_0.5 wt% blends with different melt compounding time. The data were 
measured at the rotation frequency of 1.0 rad/s and strain of 1.0 %. (b) Column Chart of dielectric 
conductivity at ωAC = 20 Hz for (PLA/GNPs)/PS_0.5 wt% blends with different melt 
compounding time at different annealing time at 180 oC.  

In summary, we found that 30 s compounding is more effective than longer compounding 

times (5 min and 10 min) to kinetically trap GNPs at the interface and, therefore, provides a better 

procedure for preparing cocontinuous conductive polymer blends. We showed that the 

(PLA/GNPs)/PS_0.5 wt% blend with 30 s compounding has a large interfacial GNPs coverage, a 

smaller plateau domain size, a higher storage modulus and a larger conductivity. The study of the 

effect of melt compounding is of great importance in industrial applications. Limited by the 

length of screws, the melt compounding time in large-scale continuous twin screw extruders can 

hardly be extended to over 1 min. The higher interfacial stability of GNPs in the 30 s 

compounding blend facilitates the commercialization of the conductive polymer composites 

based on cocontinuous polymer blends with interfacial GNPs.   
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5.4 Conclusions 

In this study, we have showed that graphene nanoplates (GNPs) can be kinetically 

trapped at the interface of cocontinuous PLA/PS blends via a proper control of compounding 

sequences, melt compounding times and shear rates. To determine the localization of GNPs in 

thermal equilibrium, the wetting coefficient of GNPs in the PLA/PS blends has been calculated 

with the surface energies of PLA, PS and GNPs. Based on the prediction of wetting coefficients, 

GNPs prefer to selectively locate in the PS phase. However, when we premixed GNPs with PLA 

and then melt compounded with PS, we found that a significant amount of GNPs kinetically trap 

at the interface. Thanks to the high melt viscosity of the polymer matrix and the relatively large 

lateral dimension of GNPs, the interfacial GNPs can maintain at the interface even after 60 min 

static annealing at the processing temperature. For the (PLA/GNPs)/PS blends, although both the 

viscosity increase by GNPs located in the PS phase and the interfacial GNPs network formed 

along the interface contribute to coarsening suppression, the formation of interfacial GNPs 

network plays a dominant role in the stabilization of cocontinuous morphology.  

To examine the influence of kinetics on the migration and localization of GNPs in the 

cocontinuous PLA/PS blends, we have prepared blends with different melt compounding 

sequences and time. We found that when GNPs were premixed with PS and then melt 

compounded with PLA, all GNPs stay in the premixed PS and few interfacial GNPs could be 

observed under TEM. In addition, both the storage modulus and conductivity of the 

(PS/GNPs)/PLA_0.5 wt% blend during annealing is much smaller than its counterpart 

(PLA/GNPs)/PS_0.5 wt% blend. This further confirmed that the interfacial GNPs rather than the 

GNPs located in the PS phase lead to the increase of storage modulus and conductivity.  

Finally, to systemically investigate the effect of melt compounding times on the 

migration and localization of GNPs, we combined morphology, rheology and conductivity 
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measurements of (PLA/GNPs)/PS_0.5 wt% blends with different melt compounding times. We 

showed that the statistic annealing does not change the amount of interfacial GNPs. The 

migration of interfacial GNPs to the PS phase during annealing is negligible. We also found that 

the formation of interfacial GNPs network along the interface facilitates coarsening suppression, 

storage modulus and conductivity increases. With the same GNPs loading, the 30 s compounding 

blend gives rise to a higher interfacial GNPs percentage than blends with longer compounding 

time (5 min and 10 min). Hence, the short melt compounding time contributes lead to more 

effective coarsening suppression, larger storage moduli and higher conductivities.  

Therefore, with a proper control of compounding sequences and melt compounding times, 

we can kinetically locate most of GNPs at the interface of PLA/PS cocontinuous blends. Without 

relying on any sophistically chemical modification on GNPs, this kinetic method to control 

graphene localization could potentially have broad applications in industrial production of 

conductive polymer composites.  
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Chapter 6: Summary and Outlook 

6.1 Summary 

Thanks to their interconnected and percolated morphology, cocontinuous polymer blends 

have wide applications in conductive polymer composites and porous membranes. However, a 

key problem of cocontinuous polymer blends is that the morphology coarsens under post-mixing 

processing conditions when temperature is above the Tg or Tm of polymer components. This thesis 

systemically studied the dynamics and rheology in morphology stabilization of cocontinuous 

polymer blends via introducing different kinds of nanofillers at the interface. Some of the most 

relevant results are summarized below.  

In Chapter 2, silica nanoparticles were introduced to stabilize the PS/PB partially miscible 

cocontinuous polymer blends via spinodal decomposition. Fluorescent hydrophobic silica 

nanoparticles were synthesized and introduced to jam at the interface of PS/PB blend in the form 

of monolayers. The coarsening of the cocontinuous structure was effectively arrested by the 

interfacial silica nanoparticles, and the real-time observation of coarsening dynamics was 

achieved by confocal microscopy at room temperature. We demonstrated that suppression of 

coalescence arises from full coverage of interfaces by nanoparticles. Furthermore, by combining 

confocal microscopy with rheology, we correlated the rheological response of a cocontinuous 

structure with its morphology change. We found that the rheological behavior during coarsening 

is the result of the competition between interface area shrinkage and particle network formation 

along the interface.  

In Chapter 3, silica nanoparticles with different wetting properties were introduced in the 

PEO/LDPE immiscible cocontinuous blends to stabilize the morphology during annealing. We 

found that the hydrophilic particles prefer to stay in the PEO phase while the hydrophobic ones 
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prefer to locate at the interface. The wetting coefficients of hydrophobic silica nanoparticles with 

different hydrophobicities were calculated and in agreement with their corresponding three phase 

contact angles at the interface from SEM. The three phase contact angle of the most hydrophobic 

particles is more close to 90o, the neutron wetting condition. In addition, we correlated the 

particle hydrophobicity to the coarsening suppression ability and found that the most hydrophobic 

particles can stabilize the cocontinuous morphology with smaller characteristic domain size.  

In Chapter 4, we changed the geometry of filled nanofillers from spheres to higher aspect-

ratio 2D platelets. The reduced graphene oxide (r-GO) was introduced to stabilize the PLA/PS 

cocontinuous blends. After systematic study on melt compounding sequences, we found r-GO 

could transfer from the pre-mixed PLA phase to the interface during melt compounding. During 

coarsening, the r-GO jammed at the interface begins to form a 3D network. The r-GO network 

along the interface could effectively suppress the further coarsening of the cocontinuous structure 

and provide the pathway for electron to conduct in the blend. The resulting PLA/PS blends with 

interfacial r-GO show dramatically improved conductivity with ultra-low percolation threshold of 

0.05 wt%. Finally, a simple model was established to quantitatively interpret the correlations 

between morphology change, conductivity change and rheological behavior during annealing of 

the PLA/PS blends with r-GO jammed at the interface.  

In Chapter 5, in order to optimize the processing procedure and remove the time-

consuming GO in-situ thermal reduction step, we changed the nanofillers in the PLA/PS 

cocontinuous blend from r-GO to graphene nanoplates (GNPs). Even though the GNPs prefer to 

stay in the PS phase in the thermodynamic equilibrium state, we were able to kinetically trap 

most of GNPs at the interface with proper control of compounding sequences and melt 

compounding time. In addition, we systemically studied the effect of melt compounding time on 

the migration and localization of GNPs in the PLA/PS blends via combining morphology, 

rheology and conductivity change during annealing. We found shorter melt compounding time 
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gives rise to a higher interfacial GNPs percentage and more effective morphology stabilization 

effect of the cocontinuous polymer blends.  

6.2 Outlook  

On the basis of the results presented in this thesis, many opportunities remain for future 

research. The following discussions will be focused on four specific areas that are most relevant. 

6.2.1 Graphene oxide surface treatment 

In Chapter 4 and 5, r-GO and GNPs were introduced to the interface of polymer blends 

by changing melt compounding sequences and melt compounding time. In addition to optimizing 

these kinetic factors, the thermodynamic method, chemical modification on the surface of GO, 

could also be applied to increase the efficiency of graphene localization. Grafting copolymers 

with exhibit strong and equal affinity to both polymer phases in the blends to the surface of GO is 

an effective method. We hypothesize that the interfacial localization of the copolymer will bring 

the GO (or r-GO) to the interface. Thanks to the oxygen functional groups on the basal planes and 

edges of GO, the high surface reactivity of GO will facilitate its chemical modification, which 

can then be followed by chemical reduction to obtain copolymer grafted graphene.89,162   

Two different routes toward covalent grafting copolymers on the surface of GO will be 

tested. The first and also the most widely used method is the “grafting to” method163 as illustrated 

in Figure 6.1, which introduces self-synthesized or commercial polymer to react with the oxygen 

functional groups on the GO. As an example, Cao et al.164 have covalently functionalized GO 

with poly(styrene-b-ethylene-co-butylene-b-styrene) (SEBS)  triblock copolymer via click 

chemistry. In the second method, the “grafting from” approach162 is shown in Figure 6.1, which 

introduces monomers on surface of GO that can further react with other monomers during the in-

situ polymerization. The method provides an alternative way for grafting a wide variety of vinyl 

polymers to the basal plane of GO. Tan et al.89 have polymerized styrene and methylmethacrylate 
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on GO nanosheets via in-situ miniemulsion polymerization to achieve poly(styrene-co-

methylmethacrylate) P(St-co-MMA) grafted GO.  

 

Figure 6.1 Schematic of “grafting to” and “grafting from” methods to obtain copolymer grafted 
GO. 

In short, based on conductivity polymer composites studies in Chapter 4 and 5, with 

proper control of wetting properties, compounding sequences and further surface treatment by 

grafting copolymers on GO, we expect to be able to localize graphene at the interface of different 

pairs, including PA6, PC or PET as the polar polymer phase and SAN or HIPS as the non-polar 

polymer phase. We shall be able to deliver one or multiple high-quality graphene-based 

conductive polymer composites.   

6.2.2 Coarsening induced graphene migration 

Even though the role of surface interactions on nanofiller localizations has been 

abundantly discussed in the literature,26,127 the experimental observations on how nanofillers 

migrate to the interface in molten polymer blends are seldom studied. The high viscosity of the 

molten polymer impedes Brownian diffusion of nanofillers. Hence, it is generally believed that 

migration of nanofillers should mainly occur during the melt compounding, where the shear-

induced nanofiller motions and encounters between nanofillers and the interface contribute to the 

interfacial localization. However, in contrast to this common consensus, our results in the (PLA/r-

GO)/PS blends in Chapter 4 provide evidence that the migration and trapping of nanofillers to the 

interface may also happen during quiescent coarsening in annealing long after melt compounding 
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and the nanofillers between two neighboring domains of the same phase can be trapped at the 

interface when the two domains coalesce. Qualitatively, from TEM images, we found the r-GO 

concentration in the PLA phase decreases during annealing along with the increase of the r-GO 

interfacial coverage. This trend has been illustrated in the cartoon in Figure 6.2 (a) and (b). For 

the further work, it is worthy to systematically study fundamental issues regarding to coarsening-

induced graphene migration during annealing in the cocontinuous polymer blends. It should be 

emphasized that the general mechanism studied here should also be applied to understand the 

migration of nanoparticles such as carbon blacks, nanoclays and carbon nanotubes in polymer 

blends in general.  

Two different experimental methods could be used. First, fluorescent optical microscopy 

could be applied to directly study the graphene migration during coarsening. To observe graphene 

under fluorescent microscopy, a fluorescent dye will be bonded on the surface of GO via 

chemical modification. 4,4ʹ-Methylene dianiline will be introduced onto the GO surface through a 

nucleophilic substitution reaction to synthesize NH2-terminated GO (NH2-t-GO).165 Rhodamine-

B-isothiocyanate (RITC) will then be used to react with the amino groups on the NH2-t-GO to 

introduce Rhodamine dye on GO.91 Then, fluorescent microscopy will be used in experiments in 

a simple microfluidic device, which helps mimic coalescence of two immiscible fluids during 

coarsening and directly image the dynamics of fluorescent-labeled graphene sheets in the flow. A 

schematic of the device is shown in Figure 6.2 (c). The device is initially filled with Fluid 2. Fluid 

1 can be pumped through the two inlets on the left and the right. Two drops of Fluid 1 will form 

on each side of the device, displacing Fluid 2. Coalescence occurs when the two drops form a 

contact near the center of the device. The coalescence event will be imaged using an inverted 

fluorescent microscope equipped with a high numerical aperture lens and a high-speed camera. 

To mimic polymer blends in this thesis, two fluids with large interfacial energies (e.g. 

water/liquid hydrocarbon) will be selected. Fluorescent labeled graphene will be added into either 
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Fluid 1 or Fluid 2, allowing us to study how different compounding sequences influence the 

migration of graphene sheets. The displacement rate of the interface between Fluid 1 and Fluid 2 

can be easily adjusted by varying the injecting rate of Fluid 1 from a syringe pump. The 

dimensionless ratio between the rate of interface motion and the rate of graphene diffusion, 𝜏𝜏𝑖𝑖/𝜏𝜏𝑑𝑑, 

can be controlled to match the same dimensionless ratio of the polymer system. Here, 𝜏𝜏𝑖𝑖 is the 

characteristic time scale of interface motion and 𝜏𝜏𝑑𝑑 is the time scale of Brownian diffusion of 

graphene sheets. With the microfluidic device, the dynamics of graphene migration during 

coalescence can be systematically explored in real time and the dynamics depend on the 

compounding sequence and the displacement rate of the interface can be furthermore detected.  

 

Figure 6.2 (a, b) Schematics of (PLA/r-GO)/PS blends showing the change of morphology and 
localization of r-GO during annealing.  Morphology without annealing (a) and after a long-time 
annealing when the morphology has been stabilized by interfacial r-GO (b). The red phase is PS, 
while the green phase is PLA. The short black lines represent r-GO. The interfacial capture of 
graphene sheets occurs during coalescence. (c) Schematic of the microfluidic device. 
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To compare the dynamics measurement from model microfluidic device with the results 

from real polymer blends, the second method is quantitative study the change of graphene 

concentration at the interface of cocontinuous polymer blends after different time of annealing 

using TEM. The samples will be microtomed after different annealing times. Extensive TEM 

imaging along the interface will then be performed. The combination of these two complimentary 

methods will deliver a clear picture of graphene migration in cocontinuous blends which will be 

applicable to migration of other nanoparticles in blend coarsening.   

6.2.3 Electric field induced morphology change 

The material properties of the blends are dictated by their underlying morphology. Thus, 

by controlling the morphology of the cocontinuous structure, we will be able to change the 

properties of blends. Strong electric fields have been used to control the dispersion and 

orientation of different conductive nanofillers in the single phase polymer composites. Electric 

fields can align CNT166, CB167, graphite168–170 and graphene171 in a polymer matrix and improve 

the electrical conductivity and mechanical properties of the polymer nanocomposites. For 

example, Wu et al.171 developed epoxy nanocomposites with graphene nanoplatelets (GnPs) that 

align with the alternating-current (AC) electrical field (25V/mm, 10 kHz) (Figure 6.3 (a), (b) and 

(c)). They found that the alignment of GnPs leads to 7−8 orders of magnitude improvement in 

conductivity in the electrical field direction and up to a nearly 900% increase in fracture 

toughness due to the transverse alignment of GnPs with respect to the direction of crack growth. 

Until now, no attempt has been made to use strong electric fields to modify the morphology of 

cocontinuous blends with interfacial conductive fillers.  

Here, we propose to use electric fields to control the morphology of graphene-based 

cocontinuous blends and explore the feasibility of external electric forces to modify the material 

properties of the conductive polymer composites (CPCs) based on cocontinuous polymer blends. 
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A simple calculation can be made based on our model system of (PLA/r-GO)/PS blends in 

Chapter 4. We found that the force needed to rotate a graphene sheet in a polymer melt171, FG, is 

on the order of pico-newtons, which is about two orders of magnitude smaller than the force 

needed to pull the sheet off the interface against the interfacial tension, Fi. The competition 

between the rotation/alignment of graphene under strong electric fields and the interfacial 

stabilization of graphene leads to three possible regimes depending on the strength of applied 

electric field. 

(i) In the strong field limit, when the applied force on graphene sheets F > Fi >> FG, the 

electric field will pull graphene sheets off the interface, which then align in the field 

direction as illustrated in Figure 6.3 (d). Using TEM, we will study how this violent 

change of the locations of graphene sheets modifies the continuous morphology at 

micron scales. Particularly, will the change lead to the increase of local curvature of 

the interface and result in smaller domain sizes that are difficult to achieve in normal 

annealing conditions?  

(ii) In the most interesting intermediate field regime where Fi > F > FG, the field is strong 

enough to rotate and align graphene against the resistance of polymer melt. However, 

it is not strong enough to pull graphene sheets off the interface. Since the force to 

change the tortuosity of interface is smaller than that needed to pull graphene sheets 

off the interface, the motion of graphene sheets under the field will necessarily drag 

the motion of the interface, which presumably will lead to a more anisotropic 

structure along the field direction (Figure 6.3 (e)). As such, it is possible to change 

the shape and orientation of cocontinuous domains and reconstruct polymer blends 

into mesoscopic asymmetric structures similar to that of the lamellar phase of 

copolymers.172 This change of morphology will certainly lead to a change of material 

properties of CPCs. The alignment of graphene sheets would further decrease the 
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percolation threshold of CPCs along the externally-controlled field direction and 

increase the mechanical toughness of the materials transverse the field direction. As 

such, we will be able to manufacture anisotropic CPCs of superior functionality by 

controlling the direction and the strength of external electric fields.  

(iii) Lastly, in the least interesting weak field limit when Fi >> FG > F, graphene will 

remain at the interface. In this case, the electrical field is so weak that it neither 

changes graphene orientation nor polymer interface. 

 

Figure 6.3 (a) Schematics showing the initial random orientation GnPs in epoxy resin without the 
electrical field (left) and the alignment of GnPs under the electrical field in resin (right).171 (b, c) 
Optical micrographs of GnPs in the liquid epoxy resin (0.054 vol%). (b) Randomly-oriented 
GnPs before the field was applied and (c) after the field was applied for 20 min. (The positive and 
negative electrodes are indicated by “+” and “−”.)171 (d, e) Schematics of two possible 
morphologies of cocontinuous polymer blends with interfacial graphene after annealing in a 
strong electrical field.   



 

 
137 

 

It is worth pointing out that most reported studies on conductive nanofillers alignment are 

based on matrices of thermosetting resins before crosslinking, such as epoxy171 and unsaturated 

polyester (UP) resin168,169. Due to the relative low viscosity of these resins (~ 1 Pa∙s at room 

temperature), the electric field used in these studies is at ~ 25 to 90 V/mm.171,169 In comparison, a 

much stronger electric field (~ 1 kV/mm at the processing temperature)173 and a longer time for 

alignment will be needed in our proposed experiments to rotate and align graphene in molten 

polymer matrices (~ 4 kPa∙s at the processing temperature for our PLA/PS cocontinuous blends in 

Chapter 4 and 5). With the assistance of electro-rheology accessory on the ARES-G2 rheometer 

with Peltier control parallel plates from TA Instruments174, we can provide the necessary strong 

electrical field on the two sides of samples in the melt state. The equipment also provides the 

possibility to simultaneously measure the rheological and electrical properties along with the 

alignment. The increase of the conductivity and the storage modulus (Gʹ) of samples under small 

amplitude oscillatory shear will give easily assessable quantitative information on the degree of 

graphene alignment. TEM images could provide more direct information of the morphology and 

the alignment of blends. 

6.2.4 Mechanical properties improvement by interfacial nanofillers 

The mechanical properties of cocontinuous polymer blends with interfacially-jammed 

nanofillers are one of the most important factors affecting the current application of cocontinuous 

polymer blends. Based on the research in Chapter 4 and 5, it is interesting investigate both the 

Young’s modulus and the toughness of CPCs based on cocontinuous polymer blends. The 

Young’s modulus of cocontinuous CPCs with interfacial graphene may be easily predicted. Due 

the stiffness of nanofillers, it is known that the conductive nanofillers in single-phase CPCs 

enhance the Young’s modulus of the composites.101,143 The same mechanism should also apply 

for cocontinuous CPCs with interfacial graphene. To verify this prediction, the Young’s modulus 
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(E) and the ultimate tensile strength (σt) of graphene-based cocontinuous CPCs could easily be 

measured via tensile tests in future research.  

However, since both PLA and PS used in this thesis are brittle175,176,177, the toughness of 

the materials is more difficult to predict and will be the focus of the future research. It is worthy 

to explore whether the interfacial graphene can increase fracture toughness of cocontinuous CPCs 

via improving interfacial adhesion. Mesoscopic phase separation in cocontinuous polymer blends 

results in micro-voids along the interface.178 These structural flaws lead to weak interfacial 

adhesion, thus deteriorating the fracture toughness of the cocontinuous polymer blends.179 In the 

future research, the mechanical toughness of cocontinuous CPCs with interfacial graphene will be 

systemically studied. The fracture toughness will be quantified via both the elongation at break 

(εb) in tensile tests and the impact strength measured using a Zwick pendulum apparatus on one-

side notched specimens.6,180 If graphene localized at the interface can effectively improve the 

interfacial adhesion via bonding the two polymer phase, increase of both the elongation at break 

and the impact strength will be expected. Furthermore, by varying graphene concentration, the 

domain size of cocontinuous blends would be controlled. As such, it provides the possibility to 

quantitatively measure how the change of morphology of cocontinuous CPCs affects their 

mechanical properties.  

The dependence of mechanical toughness on the morphology is non-trivial, particularly 

the domain size of cocontinuous blends. On the one hand, the large interfacial area of 

cocontinuous blends with small domain sizes could deteriorate the mechanical toughness due to 

the presence of micro-voids at uncovered interfaces. On the other hand, the increase of interfacial 

area also enlarges the contact surface between graphene and the polymer phases and, therefore, 

may increase the mechanical toughness if graphene can provide strong interfacial adhesion. The 

future work will be able to answer the question. Finally, quantitative comparison could be made 

between cocontinuous CPCs with interfacial graphene and conventional cocontinuous blends 
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without graphene.  

Thanks to the unique amphiphilic structure of chemically modified GO, we can further 

improve the bonding strength of GO and the polymer phases and, therefore, the mechanical 

toughness of the cocontinuous polymer blends by grafting co-polymers on the surface of r-GO 

sheets.181 Different “grafting to” and “grafting from” approaches have already been discussed 

above (see Chapter 6.2.1 for details). Indeed, the strategy of grafting polymers on high-aspect-

ratio 2D nanofillers has already been applied to improve the interfacial adhesion and mechanical 

toughness of immiscible polymer blends with drop-matrix morphology. Cao et al.165 added 

polypropylene-grafted GO sheets (PP-g-GO) to immiscible PP/polyphenylene oxide (PP/PPO, 

90/10 wt%) blends to improve the dispersion of the minor PPO phase. Both the yield strength and 

the strain at break are improved after introducing PP-g-GO, which stays at the interface of PP and 

PPO and reduces the size of PPO droplets in the PP matrix. Similarly, Huang et al.179 localized 

PS grafted GO sheets (PS-g-GO) at the interface of PA6/ABS blends to improve the ductility of 

the polymer blends. The increase of the toughness is due to the enhancement of interfacial 

adhesion. For cocontinuous polymer blends, the voids and gaps at the interface due to the poor 

adhesion between two phases increase the local stress and, therefore, reduce fracture toughness.101 

Using the polymer-grafted rGO described in Chapter 6.2.1, we will investigate if grafted sheets 

localized at the interface can further improve the mechanical toughness of the cocontinuous CPCs 

compared with non-functionalized interfacial graphene sheets. In addition, the correlation 

between mechanical properties with cocontinuous domain size and interfacial graphene loadings 

in the system would be systematically studied.    
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Appendix A: 2D Confocal Image Analysis for 
Cocontinuous Polymer Blends 

In order to analyze the characteristic domain size of PS/PB/B-SNP polymer bijels in 

Chapter 2, I wrote a MATLAB code to set a threshold to transform the confocal image (Figure 

A.1 (a)) in 2D into the corresponding binary image (Figure A.1 (b)). The interface length, Lint, 

was then automatically tracked (Figure A.1 (c)) and calculated in Matlab. Finally, the 

characteristic domain size (ξ) can be calculated as, 

 ξ = S/Lint.                                                           (A.1) 

 where S is the total area of the corresponding confocal image.  

 

 

Figure A.1 (a) Confocal image of the PS/PB/B-SNP (50/50/0.5) bijel after 46 s annealing at room 
temperature, where the green phase is PS and the black phase is PB; (b) Binary image of the 
confocal image in Figure (a), where the white phase is PS and the black phase is PB; (c) The 
traced interface of the confocal image in Figure (a), where the white lines are the interface and the 
black background is the PS/PB polymer matrix . The scale bar is 40 μm. 

  



 

 
155 

 

The MATLAB code to achieve Figure A.1 (b) and (c) from Figure A.1 (a) is listed below: 

f=imread('E:\Reserach\Meeting & Goup Meeting\20140826 meeting\Calculation (B4-#13-15-
18)\B4-#18\18-60-time1 (important)\18-60-time1 (important)_t015_c001.tif'); 
bw=im2bw(f,0.012); 
figure(2); 
imshow(bw) 
bw=bwareaopen(bw,10); 
figure(3); 
imshow(bw) 
bwi=imcomplement(bw); 
figure(4); 
imshow(bwi) 
bwi=bwareaopen(bwi,10); 
figure(5); 
imshow(bwi) 
bw=imcomplement(bwi); 
figure(6); 
imshow(bw) 
bw2=bpass(bw,1,30); 
figure(7); 
imshow(bw2) 
bw3=im2bw(bw2,0.012); 
figure(8); 
imshow(bw3) 
bw3i=imcomplement(bw3); 
figure(9); 
imshow(bw3i) 
bw3i=bwareaopen(bw3i,20); 
figure(10); 
imshow(bw3i) 
bw4=imcomplement(bw3i); 
figure(11); 
imshow(bw4) 
  
figure(12);  
[B,L]=bwboundaries(bw4); 
imshow(f); 
hold on; 
for k = 1:length(B) 
  boundary = B{k}; 
  plot(boundary(:,2), boundary(:,1), 'w', 'LineWidth', 1) 
end 
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In addition, the MATLAB code to calculate the interface length, Lint, from Figure A.1 (c) 

is listed below:  

M=imread('E:\Reserach\Meeting & Goup Meeting\20140826 meeting\Calculation (B4-#13-15-
18)\B4-#18\t015\interface (new code).tif'); 
Mbw=im2bw(M,0.99); 
size(Mbw) 
rect=[115 65 569 569]; 
Mbw2=imcrop(Mbw, maps, rect); 
figure(1); 
imshow(Mbw2) 
A=0; 
B=0; 
for i=65:634 
    for j=115:684 
        if (Mbw(i,j)==1) 
            A=A+1 
        end 
    end 
end; 
for i=65:634 
    for j=115:684 
        if (Mbw(i,j)==1 & Mbw(i,j+1)==1) 
            B=B+1 
        end 
    end 
end; 
for i=65:634 
    for j=115:684 
        if (Mbw(i,j)==1 & Mbw(i+1,j)==1) 
            B=B+1 
        end 
    end 
end; 
A 
B 
L=B+(A-B)*sqrt(2) 
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Appendix B: 3D Confocal Image Analysis for 
Cocontinuous Polymer Blends 

The 3D confocal image stacks (~ 50 μm in depth) were reconstructed into 3D model 

using Avizo interactive visualization package (v. 6.3, http://www.vsg3d.com/avizo). A triangular 

mesh was generated along the interface of the reconstructed 3D model using a marching cubes 

algorithm included in the Avizo software package.  Interfacial area was calculated by summing 

the areas of all the triangles, Ai of the generated mesh.  Dividing volume of the sample, Vs, by the 

total interfacial area gives a characteristic pore size, d,  

  (B.1) 

And a sample image for analysis is shown in Figure B.1 

 

Figure B.1 Reconstructed 3D model for neat PE/PEO blend3. (a) Rendered 3D model of the PE 
porous sample after PEO phase extraction; (b) Interface between PE/PEO blend phases (purple 
facing toward the extracted PEO phase and green towards PE phase); (c) Detail of the meshed 
interface from the black square in Figure (b). 
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Appendix C: Quantitative Analysis of Coarsening 
of Cocontinuous Polymer Blends 

The coarsening process of neat cocontinuous polymer blends without interfacial 

nanofillers is similar to the breakup and retraction of a polymer fiber in an infinite polymer matrix. 

6,182. This process is control by the interfacial tension and viscosity of the two polymer phases. 

The rate of coarsening rate, dξ/dt, can be expressed as97,  

                                                        (C.1) 

where ξ is characteristic domain size of the cocontinuous polymer blend, t is the quiescent 

annealing time at the processing temperature, C is a proportional constant, γA/B is the interfacial 

tension, or interfacial energy, between the two polymer phases, and ηblend is the effective viscosity 

that depends on the volume fraction of two polymer components, which is defined as97, 

                                      (C.2) 

where ηA and ηB represent the zero shear viscosities of polymer components A and B, 

respectively. ΦA and ΦB are the volume fraction of polymer components A and B, respectively.  

 As shown in Figure C.1, the coarsening rates of different cocontinuous polymer blends 

correlate linearly to the terms of γA/B/ ηblend, as predicted by Eq. (C.1). The fitted proportional 

constant, C, is ~ 0.03 and is independent of the blend systems.97 This universal coarsening 

proportional constant suggests that the present relationship in Eq. (C.1) is general. As the 

difference of interfacial tension, γA/B, in different blends systems is limited, the coarsening 

behavior of cocontinuous polymer blends during annealing is mainly resisted by the effective 

zero shear viscosity of the blend, ηblend. Most data points in Figure C.1 were summarized in the 

thesis of A.T. Hedeggard,14 and the two data points of Huang (2016)98 and Bai (2017)148 represent 

the coarsening rate of neat blend of LDPE/PEO and PLA/PS in Chapter 3 and 4, respectively.  

/A B

blend

γdζ C
dt η

=

ln( ) Φ ln( ) Φ ln( )blend A A B Bη η η= +
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Figure C.1 Coarsening rate for different cocontinuous polymer blends from Hedegaard et al.97, 
Lopez-Barron and Macosko93, Pyun et al.183, Omonov et al.184, Yuan and Favis17, Veenstra et al.6, 
Trikovic et al.3, Huang et al.131 and Bai et al.148. The line is the linear regression from Hedegaard 
et al.97.   
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Appendix D: Direct Melt-process Method of r-GO 
with PLA/PS Cocontinuous Blend 

In order to study the r-GO dispersion quality in different methods to prepare PLA/r-GO 

masterbatch, we prepared two (PLA/r-GO)/PS_2.0 wt% in the same melt compounding sequence 

(premixed PLA with GO) and thermal reduction condition (210 oC for 1 h under N2 protection). 

However, for the control sample, the masterbatch was prepared by pre-melt compounding with 

PLA and GO, and then it was thermally reduced to a (PLA/r-GO) masterbatch at 210 oC for 1h 

with N2 protection in the mixer without any mixing. Finally, PS was loaded to melt compound 

with (PLA/r-GO) masterbatch at 180 oC for 5 min to achieve the (PLA/r-GO)/PS composites.  

However, as shown in Figure D.1, the results from the rheology and conductivity time 

sweep measurements at processing temperature (180 oC) are quite different from those using 

DMF dispersion used in Chapter 4. The direct melt-process blends show much lower shear 

modulus (Gʹ and Gʹʹ) and conductivity (σ). The small shear modulus and conductivity is due to 

the poor dispersion of conductive fillers in the polymer blends matrix. The r-GO in the directly 

melt-process method formed into large aggregates in the PLA matrix and could not transfer to the 

interface during the melt compounding. 
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Figure D.1 Comparison of blends made with two different PLA/GO masterbatch preparation 
methods: DMF dispersion vs direct melt process. (a) Shear modulus and (b) the real part of 
conductivity at ωAC = 20 Hz as a function of annealing time at 180 °C for (PLA/r-GO)/PS_2.0 
wt% blends. The solid and open squares represent the storage modulus, Gʹ, and loss modulus, Gʺ, 
respectively, which were measured at 1 rad/s and 1 % strain. The rheology and conductivity time 
sweeps were taken simultaneously in our experiments. 
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Appendix E: SEM Images Analysis for 
Cocontinuous Polymer Blends 

The SEM images of PLA/PS/r-GO blends in Chapter 4 and PLA/PS/GNPs blends in 

Chapter 5 after PS phase extraction were analyzed directly in ImageJ. The interface was manually 

traced with red lines with a width of one pixel as shown in Figure E.1. The total length of the 

interface in a specific SEM image, Lint., was then measured in a MATLAB code. The 

characteristic domain size, ξ, can be determined as   

                                                            (A.3) 

where ASEM is the total area of the SEM image. The MATLAB code to calculate the length of 

interface, Lint., is listed below: 

M=imread('E:\Reserach\Data\SEM \2.5min mixing_10min_3.tif'); 
rect=[10 10 1199 899]; 
M1=imcrop(M, maps, rect); 
figure(1); 
imshow(M1) 
A=0; 
B=0 
for i=10:909 
    for j=10:1209 
        if (M(i,j,1)==255&M(i,j,2)==0&M(i,j,3)==0) 
            A=A+1 
        end 
    end 
end; 
for i=10:909 
    for j=10:1209 
        if ((M(i,j,1)==255&M(i,j,2)==0&M(i,j,3)==0) & 
(M(i,j+1,1)==255&M(i,j+1,2)==0&M(i,j+1,3)==0)) 
            B=B+1 
        end 
    end 
end; 
for i=10:909 
    for j=10:1209 
        if ((M(i,j,1)==255&M(i,j,2)==0&M(i,j,3)==0) & 
(M(i+1,j,1)==255&M(i+1,j,2)==0&M(i+1,j,3)==0)) 

int.

SEMAξ
L

=



 

 
163 

 

            B=B+1 
        end 
    end 
end; 
L=B+(A-B)*sqrt(2) 
 

 

Figure E.1 (a) SEM image of PLA/PS/r-GO blend after PS phase extraction; (b) The traced 
interface (red lines) of the SEM image in Figure (a).  
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Appendix F: Melt Compounding Shear Rate 
Study on (PLA/GNPs)/PS_0.5 wt% Blend 

In order to study the effect of different melt compounding shear rates on the dispersion of 

GNPs and fillers migration in the polymer matrix, we chose the (PLA/GNPs)/PS_0.5 wt% blends 

as the model system to apply different shear rates (50 RPM, 100 RPM and 200 RPM) during the 

5 min melt compounding step. The conductivity of the (PLA/GNPs)/PS_0.5 wt% blends can be 

chosen as an indicator of quality of GNPs dispersion and migration of GNPs from the pre-mixed 

PLA phase to the interface and the PS phase.  

The direct current (DC) conductivities of (PLA/GNPs)/PS_0.5 wt% blends with different 

melt compounding shear rates were measured at room temperature by the method of volume 

resistivity with a Keitheley 2400 sourcemeter. The resistivity is calculated from the geometry of 

the electrodes and the thickness of the sample. The surface of the samples was coated with silver 

paint to ensure good contact with the two copper electrodes. Three samples for each blend after 

certain annealing time (10 min and 60 min) at 180 oC were tested and the average values were 

plotted in Figure F.1.  

As show in Figure F.1, the conductivities of all three blends in different shear rates were 

significantly small (~ 10-13 S/cm) after 10 min annealing. However, after 60 min annealing, the 

conductivity of the blend with 200 RPM shear rate is around 6 orders of magnitude larger than 

those of blends with 50 RPM and 100 RPM shear rates. The higher conductivity of the blend with 

200 RPM shear rate is due to the better dispersion of GNPs in the polymer matrix and fillers 

migration from PLA phase to the interface. For the blend with 200 RPM shear rate at 10 min 

annealing, even though the GNPs could effectively migrate to the interface and PS phase during 

melt compounding, the interfacial GNPs have not jammed at the interface and formed the 3D 

network. Hence, the conductivity of the blend with 200 RPM shear rate is still small. At 60 min 
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annealing, the interfacial GNPs jammed in the close-packed pattern and the 3D GNPs network 

formed along the interface contribute to the high conductivity of the blend with 200 RPM shear 

rate. Nevertheless, for the blends with lower shear rates (50 RPM and 100 RPM), the poor 

dispersion of GNPs and less effective migration of GNPs to the interface give rise to the much 

lower conductivity even after 60 min annealing. Therefore, we keep the melt compounding shear 

rate at 200 RPM for all other sample preparations in Chapter 5.  

 

Figure F.1 DC conductivities of (PLA/GNPs)/PS_0.5 wt% blends with different melt 
compounding shear rates (50 RPM, 100 RPM and 200 RPM) after different annealing time (10 
min and 60 min) at 180 oC.  
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Appendix G: Rheology and Conductivity of 
PS/GNPs Composites 

In order to study the viscosity increase of the PS phase due to the presence of GNPs, 

rheology frequency sweeps of pure PS, PS/GNPs_x wt% composites with different loadings (x 

=0.5, 1.0, 2.0 and 4.0) were tested. To make sure the dispersion of GNPs in the PS/GNPs 

composites is similar to that in the (PS/GNPs)/PLA or (PLA/GNPs)/PS blends, PS/GNPs 

masterbatch with 2x wt% GNPs by solvent blending were firstly prepared and then melt 

compounded with the same amount of pure PS for 5 min under 200 RPM to reduce the GNPs 

loadings back to x wt%.  

Figure G.1 shows the change of complex viscosity, η*, and dielectric conductivity, σ, 

with GNPs loadings in the PS/GNPs composites. As shown in Figure G.1 (a), we found that 0.5 

wt% GNPs did not significantly change the viscosity of the PS matrix, while 1.0 wt% GNPs 

shows a more dramatic effect in increasing the PS viscosity. For the conductivity change in Fig. 

S4(b), we fit the conductivity to a power law,107,141,142 σ = σf [(Φ – Φc)/(1 – Φc)]t, to obtain the 

percolation threshold, ΦC. Here, σf is the filler conductivity, and t is a universal critical exponent 

depending on the aspect ratio of fillers. From the fitting shown in the inset of Figure G.1 (b), we 

found the percolation threshold of the PS/GNPs composites is ΦC = 0.255 vol% (~ 0.5 wt%). 

For the (PS/GNPs)/PLA_0.5 wt% discussed in the main text, as all GNPs stayed in the 

PS phase, the GNPs loading in the PS phase should be around 1.0 wt%. However, for the 

(PLA/GNPs)/PS_0.5 wt% blend, since only part of GNPs located in the PS phase, the GNPs 

loading in the PS phase should be 0.5 ~ 1.0 wt%. 
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Figure G.1 (a) Complex viscosity, η*, as a function of GNPs loadings in the PS/GNPs 
composites. All data were taken at 1.0 rad/s with strain of 1.0 % at 180 oC. (b) Dielectric 
conductivity, σ, as a function of GNPs loadings in the PS/GNPs composites. The conductivities 
were obtained on the dielectric setup on the rheometer at 180 oC. All data were taken after 60 min 
rheology time sweep at 180 oC. 
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Appendix H: Interfacial GNPs in Different 
Orientations  

               In order to calculate the ratio of interfacial GNPs in the parallel to those in angular 

orientations, we took many TEM images of 30 s and 10 min compounding blends after 60 min 

annealing. A subset of these images are shown in Figure H.1 and H.2 below, respectively.  

 

Figure H.1 TEM images of the 30 s compounding blend after 60 min annealing. 
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Figure H.2 TEM images of the 10 min compounding blend after 60 min annealing. 
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