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ABSTRACT 

The interest in “green” materials, or materials made with biocompatible and biodegradable 

components is growing, including research into natural polymers, namely proteins and 

polysaccharides, due to their structures and properties. Soy protein isolate (SPI) has shown promise 

as a modifier for polymer composites with broad applications. However, little is known about how 

these protein structures following the denaturation and re-aggregation processes during material 

processing affect their interactions with one another as well as with the polymer matrix. This study 

intended to achieve better understandings on this research problem by exploring relaxation 

behaviors of polyethylene oxide (PEO)/SPI composites via rheological and dielectric analyses. 

Composites of different SPI concentrations were fabricated in three ways: ball milling (BM), 

solution processing with deionized water (H2O) and dimethyl sulfoxide (DMSO) as the solvent.  

The study revealed the distinctive interaction mechanisms between PEO and SPI, subjected 

to the materials processing, showing varying networking ability of SPI in PEO matrix and 

dielectric polarizability. Ball-milled SPI had the weakest ability to form SPI networks in PEO, 

even at 50wt% SPI-BM loading, with the melt still showing typical liquid-like behavior. 

Composites made in DMSO showed the best ability to form SPI networks, leading to not only 

solid-like behaviors, the highest melt modulus and viscosity, but also the thermally stable dielectric 

polarization. Composites made in both solvents with 1wt% SPI concentration produced the largest 

dielectric constant, with PEO/SPI-H2O composites achieving higher dielectric constant than 

PEO/SPI-DMSO composites. The α-relaxation of PEO was substantially affected by both PEO-

SPI interactions and the presence of SPI networks. While the PEO-SPI interactions favored α-

relaxation, the SPI network structures had the opposite effects, to different levels subjected to 

materials processing.   
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CHAPTER 1 

INTRODUCTION 

 Proteins are everywhere, making up some of the smallest, most intricate pieces of planet 

Earth, up to the largest, most complex beings. They are naturally occurring, with vital functions in 

all living systems. Nature is an important tool for science, as many of the most effective and 

efficient systems are found in nature. That’s why we look to nature to create the next generation 

of materials. Proteins have structures similar to petroleum-based polymer materials, currently used 

in diverse applications, however unlike petroleum-based polymers, proteins are both 

biocompatible and biodegradable, making them attractive for more Earth-friendly materials. For 

this reason, and many others, we will explore how proteins can be incorporated into functional 

materials, and how subjecting proteins to different processes affect their properties.  

1.1 Protein Structures 

 Proteins are macromolecules that are present in all living cells in larger amounts than any 

other biomolecule, and create the foundation for every reaction that occurs in biological systems 

[1]. Proteins play a number of roles in biological systems including DNA replication, oxygen 

transport in multicellular organisms, converting one molecule to another, and many more.  

All proteins, regardless of their function, are composed of a number of amino acids from 

the group of 20 amino acids listed in table 1 [1, 2]. Not all proteins contain every amino acid, and 

the composition of amino acids determines the properties and overall functions of the proteins. For 

19 of the 20 amino acids, the structure consists of a central carbon atom attached to a charged 

amino (NH3+) and carboxyl (COO-) groups, in addition to a single hydrogen atom and the R group 

[1, 3]. The exception to this structure is proline. Amino acids are joined by a peptide bond formed 
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between the amino group of one amino acid, and the carboxyl group of another via condensation 

reaction [1, 3], eventually forming a so-called polypeptide, or a long chain of amino acids. Proteins 

consist of one or more polypeptide chains. A brief summary of these amino acids are listed in table 

1.  

TABLE 1 

Amino acids and frequency of amino acids found in nature [2] 

Amino Acid Relative 

Molecular 

Mass (Daltons) 

Frequency in 

proteins (%) 

Alanine (A) 71.09 7.7 

Arginine (R) 156.19 5.1 

Asparagine (N) 114.11 4.3 

Aspartate (D) 115.09 5.2 

Cysteine (C) 103.15 2.0 

Glutamine (Q) 128.12 4.1 

Glutamate (E) 129.12 6.2 

Glycine(G) 57.05 7.4 

Histidine (H) 137.14 2.3 

Isoleucine (I) 113.16 5.3 

Leucine (L) 113.16 8.5 

Lysine (K) 128.17 5.9 

Methionine (M) 131.19 2.4 

Phenylalanine (F) 147.18 4.0 

Proline (P) 97.12 5.1 

Serine (S) 87.08 6.9 

Threonine (T) 101.11 5.9 

Tryptophan (W) 186.21 1.4 

Tyrosine (Y) 163.18 3.2 

Valine (V) 99.14 6.6 
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 Proteins exhibit specific multi-level structures, as shown in figure 1, where polypeptides 

start as linear chains and fold to create three-dimensional structures that are essentially responsible 

for the protein’s functional properties [3]. The linear arrangement of amino acid residues 

covalently bonded together in unique sequences and unique concentrations to form a long 

polypeptide chain is considered the primary structure of proteins, in which all other levels of 

organization rely [1]. The secondary structure is related to the local conformation of the 

polypeptide chain. The conformational flexibility is determined by both the primary and secondary 

structures. The primary structure determines conformational flexibility of long polypeptide chains, 

restricting the flexibility due to the planar peptide bond and interactions involving non-bonded 

atoms. Conformational flexibility along the polypeptide backbone is determined by the torsion 

angles in which relate to the secondary structures that are defined by the spacing of amino acid 

residues in the primary sequence [1]. The most common secondary structures include the α helix, 

β sheets and β turns. The overall topology of the folded polypeptide is considered the tertiary 

structure of proteins. The fold of the protein structure is formed by combining secondary structures 

and determined by the interactions between side chain and backbone amino acid residues [1]. The 

tertiary structure involves interactions such as hydrogen bonds, disulfide bridges, hydrophobic 

interactions, electrostatic interactions and Van der Waals interactions. Depending upon the shape 

and solubility of the molecules, proteins can be classified as fibrous, globular or membrane [4]. 

Fibrous proteins are commonly found as structural components of cells, due to their simple linear 

structures. The polypeptide chains of globular proteins are folded into a spherical shape, with 

hydrophobic amino acid side chains on the inside of the molecule, and hydrophilic amino acid side 

chains on the outside of the molecule. Due to this shape, globular proteins are soluble in aqueous 

media [5]. Membrane proteins are found in membrane systems of cells, with hydrophobic amino 
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acid side chains on the outside of the molecules, thus making membrane proteins insoluble in 

aqueous media. The quaternary structures only exist if a protein contains more than one 

polypeptide chain, and the interactions between these polypeptide chains make up the quaternary 

structure. Interactions between polypeptide chains are the same interactions responsible for the 

tertiary structures. 

 

Figure 1. Multi-level structures of proteins [3] 

 The complexity of these protein structures starts with the amino acid sequences, in which 

it is claimed that the number of possible combinations to form different proteins is greater than the 

number of atoms known in the universe [3]. The folding of the proteins to create three-dimensional 

structures increases the complexity of proteins, in which currently no technology exists to predict 

the three-dimensional structure of proteins, these structures can only be assessed experimentally 

[3].  

1.2 Polymer Structures 

 Synthetic polymers are large organic molecules composed of either the same 

(homopolymer) or different (copolymer) monomer units that are covalently bonded together [6]. 

Many polymers are commonly referred to as plastics and rubbers used in a wide range of 
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applications from single use packaging such as grocery bags or food packaging, to components of 

large aircraft. Polymers are attractive materials for applications requiring lightweight materials, 

materials that can undergo large plastic deformation, low fracture toughness, insulating properties 

among other properties [7]. Most polymeric materials also tend to be low cost compared to many 

of their metallic and ceramic counterparts. The majority of synthetic polymers is organic in nature, 

composed mostly of the elements carbon, hydrogen, oxygen and nitrogen [7]. Polymer molecules 

contain hundreds, thousands and in some cases millions of atoms joined together to form long 

chains [7], making polymer molecules very high in molecular weight. However, the polymer chain 

lengths are not uniform due to the random events that occur during the polymerization process, 

this is called molecular weight distribution [8]. Due to this concept of molecular weight 

distribution, average molecular weights are used to identify and analyze polymers.  

Like proteins, the chemical structure, arrangement of monomers and side chains and shape 

of the polymer chains are what determine the functional properties of the materials. Synthetic 

polymers can be divided into several categories based on these chemical structures and 

arrangements, with one of the main distinctions being between thermoplastics, thermosets and 

elastomers. Thermoplastics with linear or branched chain structures can be softened and reused. 

Amorphous thermoplastics soften upon heating above their glass transition temperature, or a 

temperature in which the polymer molecules transition from glassy to rubbery [7, 8]. While semi-

crystalline thermoplastics experience a melting point, where main polymer chain movement for 

polymer chains in both the amorphous and crystalline regions is observed. Thermosetting polymers 

permanently harden upon curing /polymerization of liquid resin monomers and will not soften 

when reheated, due to the cross-linked structures. These considerations are important when 

selecting a material for an application due to the time and temperature dependent properties of 
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these materials, and their recyclability. Elastomers can undergo large amounts of deformation and 

can produce large reversible elongations when stress is applied [8].  

Polymers are rarely completely crystalline, therefore crystallinity in polymers is described 

by the degree of crystallinity [8]. The degree of crystallinity is essential to mechanical properties 

of polymers such as strength, electric modulus and impact resistance [9, 10]. The degree of 

crystallinity is also temperature-dependent, as are most mechanical and electrical properties of 

polymers [11]. Some polymers can obtain some degree of crystallinity, but all polymers exhibit 

amorphous regions, and in some cases, completely amorphous structures, or areas with a high 

degree of disorganization [8, 12]. Polymers with both crystalline and amorphous regions as shown 

in figure 2 are considered semi-crystalline. The polymer chains in these amorphous regions are 

entangled. Entanglement is related to the cross-linking points both along the polymer chain and 

between polymer chains, which ultimately restricts the movement of polymer chains [13]. This 

entanglement of polymer chains has a major influence on the thermal, mechanical, electrical and 

viscoelastic behaviors of polymers, namely the relaxation of polymer chains [14].  

 

Figure 2. An example of a semi-crystalline polymer structure [15] 
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1.3 Proteins for Functional Materials 

In addition to the similar structures between proteins and polymers, proteins make good 

candidates for components of functional materials because they are highly abundant, renewable, 

biodegradable and in general the raw materials are low-cost. While traditional synthetic polymers 

are mostly made from petroleum-based hydrocarbons that come from a limited supply of 

petroleum-based raw materials, plant and animal proteins are renewable materials from a number 

of sources including plants, animals and insects. Common sources for plant proteins for functional 

materials include corn (zein), wheat (gluten), soybeans, other legumes and various nuts and seeds. 

Animal proteins that have gained interest for use in functional materials include milk proteins such 

as whey and caseins, muscle proteins and collagen. Some studies investigated use of other proteins 

such as algal proteins, keratin from biomaterials like feathers and wool, fibroin from silk, among 

others.  

1.3.1 Plant Proteins 

 Zein: Zein is the major storage protein from corn (maize) found in the endosperm of the 

corn kernels [16]. Zein makes up about 35-60% of the total protein content in corn [16-18]. Zein 

was discovered in 1897, when it was found to be soluble in aqueous alcohol solutions [17]. The 

amino acid profile for zein consists of about 75% hydrophobic amino acid residues, and 25% 

hydrophilic amino acid residues [18], contributing to zein’s solubility in aqueous alcohol solutions 

and poor water solubility. Zein, lacks basic and acidic amino acids, namely tryptophan and lysine 

[16], creating a negative nitrogen balance, making zein deficient in essential amino acids for 

human consumption, and therefore is not commonly used in the food industry. However, zein and 

its resins have the ability to form hydrophobic grease-proof coatings that have the ability to resist 

microbial attack, making zein of high-interest for many commercial applications [17]. Zein is also 
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commonly used for functional biopolymer materials including thin films for packaging, adhesives, 

coatings, biodegradable plastics, controlled release applications and more [17, 18]. Corn is a highly 

abundant resource in the United States, being the only cereal indigenous crop to the region [17]. 

According to the United States Department of Agriculture’s (USDA) National Agricultural 

Statistics Service (NASS), 89.7 million acres of corn were planted in the United States in 2019, 

with corn crops bringing in an average of $50.9 million per year from the years 2014 to 2018 [19].  

 Gluten: Gluten is the storage protein of wheat, which is the most important human food 

grain [20]. Wheat is extremely abundant in the United States, ranking second in total production 

of a cereal crop, with corn being the first [20]. According to the USDA, wheat is planted on about 

half as many acres as corn, bringing in just under $10 million in 2018 [19]. Gluten consists of two 

protein fractions, each contributing to unique structural and mechanical properties [21]. One of the 

major protein fractions of gluten are the glutenins, which contribute to high molecular weight 

polymers, and make up the elastic component of wheat gluten. Gliadins are the second major 

portion of wheat gluten, responsible for making low molecular weight polymers, and contributing 

to the viscous component of gluten [21]. Gluten has low solubility in water or dilute salt solutions 

due to the low concentration of amino acids with ionizable side chains, and a high concentration 

of nonpolar amino acids [20]. Gluten has a high content of the amino acids glutamine and proline, 

and also contains cysteine. The glutamine is responsible mainly for the formation of hydrogen 

bonds, while also assisting in the formation and stabilization of bioplastics made from gluten [21]. 

The cysteine is important in converting gluten into bioplastics due to the modification through 

sulfhydryl/disulfide interchange reactions [21].  

 Soy Protein: The United States is one of the top producers of soybeans in the world, 

expected to be the second largest producer in the world in 2020 due to Brazil’s record soybean 
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production, according to the USDA [22]. More than 89 million acres of soybeans were planted in 

2018, bringing in more than $39 billion [19]. Soybeans are mostly used for components of animal 

feed, human nutrition and clean fuel such as biodiesel. On a dry basis, soybeans consist of 

approximately 42 % protein, 20 % oil, 33 % carbohydrates and 5 % ash [23]. Soy protein isolate 

(SPI) is a compound with a high protein content (more than 90 %) that is extracted from soybeans 

by removing oil at lower temperatures [24]. SPI contains a mixture of proteins, with four groups 

classified as globulins being the most dominant: 2S, 7S, 11S and 15S, where ‘S’ represents 

Svedbergs, a unit related to the proteins’ sedimentation coefficients. Collectively, 11S (glycinin) 

and 7S (β-conglycinin) make up more than 80 % of SPI [24]. β-conglycinin consists of three types 

of subunits and does not have disulfide bonds. Whereas glycinin consists of six acidic and six basic 

polypeptide chains that are linked together by a total of 20 disulfide bonds [25, 26]. One important 

characteristic of SPI from a materials science perspective, is its water absorption capabilities, 

which can significantly alter the physical properties of SPI in functional materials, as well as their 

applications. Morales et. al found that the glass transition temperature (Tg) of the β-conglycinin 

fraction ranged from 114°C to -67°C when moisture content ranged from 0 to 35% [27]. Similar 

behavior was observed for the glycinin fraction, where Tg ranged from 160°C to -17°C when 

moisture content ranged from 0 to 40%. In some cases, such as hydrogels, high water absorbance 

may be desirable, but for the replacement of petroleum-based plastics with bioplastics using SPI, 

often chemical modifications must be made to reduce the moisture absorbency.   

 Soybeans are considered part of the legume family, which also include peas, lentils, 

peanuts and assorted beans. Proteins from other legumes have also been studied for functional 

materials. While peas are commonly used for human consumption, they are also used for livestock 

feed, as peas typically contain 15 to 35% protein and high concentrations of essential amino acids 
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lysine and tryptophan [28]. Through dry-milling or wet-milling, pea protein concentrates and 

isolates can contain 48 to 90 % protein [29]. Pea protein has high water and oil-binding capacities, 

foam expansion and stability, emulsion stability and emulsion ability ratio, however current studies 

found that pea protein shows weaker gel strength, viscosity and texture compared to egg, soy and 

meat proteins [29]. Legumes in general are high in protein, but lupin seeds are one of the richest 

sources of plant protein [30]. Some species of lupin contain up to 50g of protein per 100g of lupin, 

in addition to up to 22g of fat per 100g of lupin. Lupin seeds also have a very low starch 

concentration, unlike many other legumes. Due to the high protein, low fat and low starch content, 

lupin is often used for food applications, however due to the high content of globulins that affect 

the functional properties of lupin protein isolates (~87%) [31], lupin proteins have gained some 

interest for functional materials, however lupin proteins are often chemically or enzymatically 

modified in order to improve gelling capabilities for functional materials [32]. Other research into 

legume proteins for functional materials include pulse proteins such as lentils and peanuts.  

1.3.2 Animal Proteins  

Milk proteins have been extensively studied for nutrition applications due to their high 

nutritional quality, but interest in non-food applications are gaining interest. About 33% of bovine 

milk – milk from cows who are given a growth hormone called bovine somatotropin in order to 

enhance milk production – is made up of proteins, while just 3.2 % of cow’s milk is protein, with 

the two major protein fractions being caseins and whey proteins [21, 33]. Milk proteins have high 

water solubility and emulsification capability. Caseins make up the majority of milk proteins, 

about 80% in cow’s milk and about 78 % in bovine milk [34]. Caseins are poor in cysteine [21], 

and exist in nature as micelles with a hydrophobic core and a net negative charge [34]. Casein is 

removed from milk at its known isoelectric point of pH 4.6 [33, 34]. At the isoelectric point, casein 
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will precipitate out of the solution in the form of a curd, which is then washed to remove lactose, 

and collected. Whey protein makes up about 20 % of cow’s milk, and less than 10 % of bovine 

milk [34]. Liquid whey is a by-product of cheese production, most of which is considered waste 

[33, 34]. After the casein curd separates from the milk, the remaining liquid is called whey, which 

contains more than half of the milk’s nutrients including lactose, soluble proteins, lipids, mineral 

salts and vitamins. Current studies are focusing on using milk proteins in edible films or coatings, 

composite materials, cosmetics, pharmaceuticals, adhesives and materials with other various 

applications. 

 Collagen is the most abundant animal protein in nature. Located in a cell’s extracellular 

matrix, collagen is part of a group of fibrous proteins that transfer load in connective tissues [35]. 

Collagen is often used in materials for tissue engineering (e.g. scaffolds), drug delivery, wound 

and burn treatment, bone repair, dental applications and other biomedical applications due to its 

high biodegradability, biocompatibility (low toxicity), durability, strength, cell-matrix 

interactions, among other properties [36-38]. Sources for collagen as a component of functional 

material include skin, pericardium (the sac surrounding the heart), small intestine, urinary bladder 

and tendons, but collagen can also be extracted from other tissues including bone [39]. Gelatin is 

a common collagen-based material, created by the hydrolysis of collagen, and is used in food, 

biomedical and pharmaceutical applications due to its biodegradability, biocompatibility and 

superior plasticity and adhesive properties [40].  

Several other groups of structural proteins have been studied for applications in functional 

composite materials, including elastins, silks, keratins and resilins, as shown in figure 3. These 

structural proteins have been investigated for use in composite films, foams, gels, fibers, grafts 

and particles, with most applications in the biomedical industry [41]. Elastin proteins are found in 
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many animal tissues including blood vessels and skin, and make up most elastic fibers in the tissues 

[42]. Resilin proteins are “super-elastic rubbers” and are used for the cyclic extension and 

retraction required for insects that are capable of flying or jumping [43, 44]. Resilin proteins have 

more than a 300 % elongation before breaking, making it suitable for applications where high-

frequency motion occurs. Silk proteins are synthesized in salivary glands of silkworms and spiders, 

and create fibers with high tensile strength and toughness [45, 46]. Silks produced by bees, ants 

and hornets are structurally different than those produced by silkworms and spiders, but exhibit 

excellent toughness and extensibility properties [47, 48]. Keratin proteins are a group of insoluble 

proteins found in hairs, nails, wools, feathers and hooves. Keratin proteins are broken down into 

‘hard’ epithelial keratins and ‘soft’ hair keratins, each group exhibiting different compositions with 

different molecular weights [49, 50]. Several other proteins have been studied for functional 

composite materials, including albumin (egg) [51-53].  

 

Figure 3. Common structural proteins used as components in functional composite materials [41] 
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1.4 Processibility of Protein-Based Materials 

As with petroleum-based polymer composite materials, processing conditions have a major 

impact on the properties of the materials, and thus their applications. An additional processing 

condition considered for proteins as opposed to those used for synthetic polymers is denaturation, 

or the process of unfolding proteins from their natural aggregated states. Any conformational 

changes to the proteins could indicate a degree of denaturation [5]. However, total denaturation is 

determined by the loss of structural order, resulting in the loss of function and ultimately the ability 

to participate in new aggregation processes [5, 54]. Denaturation involves either a chemical 

process or a thermal process. Chemical denaturation could involve changing the pH, using high 

concentrations of urea, guanidinium chloride, other guanidinium salts, inorganic salts, organic 

solvents or detergents [5]. More commonly used is thermal denaturation, in which heat is applied 

to proteins, causing the increase of molecular motion, which ultimately leads to the rupture of 

intermolecular and intramolecular interactions present in the native protein structures. Other 

denaturation processes include wet and dry heat, grinding, freezing, pressure, irradiation and high 

frequency sound waves [55]. Different denaturation processes can create different degrees of 

denaturation depending upon the native protein structure, thus creating different structures with 

different properties and potential applications. These processes heavily depend on time and 

temperature and are highly specific depending upon the protein. In some cases, denaturation 

processes can be reversible.  Alkali has been used to modify soy protein for adhesive materials, 

where in one case alkali-modified soy protein was found to be stronger and more water resistant 

than unmodified soy protein [56]. Huang and Sun successfully denatured SPI using both urea and 

guanidine hydrochloride, finding that both denaturation techniques resulted in greater shear 
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strength than unmodified SPI [57]. Several salts and reducing agents have been used to denature 

soy protein, in many cases decreasing the viscosity of soy proteins [58-60].  

This research focuses on the distinct processes involving proteins preceding the fabrication of 

protein-polymer composites, and their effects on the overall rheological and dielectric properties. 

Denaturation is one such processes under different conditions. Denaturation could have significant 

effects on the overall properties of the materials. Choi and Han studied both the effects of heat 

denaturation and plasticizer concentration on overall mechanical properties of pea protein 

concentrate (PPC) films, and found that the increase of plasticizer decreased tensile strength and 

elastic modulus, while increasing the elongation for PPC films that did not undergo thermal 

denaturation [61]. However, heat denatured films were stiffer, stronger and produced higher 

elongation at break than native films, indicating the formation of intra-molecular chemical bonds 

between protein molecules as a result of denaturation. The resulting protein-protein and protein-

polymer interactions following these processes include hydrogen bonding [62] and ionic 

interactions [63]. Previous studies found soy protein can form strong protein-protein interactions 

in different polymer matrices [63, 64].  

Aside from denaturation, solubility and hydration or dehydration of proteins are of high interest 

for the processing of protein-based functional materials, and ultimately their functional properties. 

Solubility indicates the protein’s ability to dissolve in water and is a key property to understand 

other functional properties, as well as determine proper processing conditions. Solubility of 

proteins depends upon the thermodynamic equilibrium between proteins and solvent or protein-

protein interactions [5]. Hydrophobic interactions contribute to decreased solubility due to 

increased protein intermolecular interactions, whereas polar and charged amino acids promote 

solubility due to increased water-protein interactions. In general, proteins with a high 
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concentration of polar and charged amino acid residues, globular in shape with a low molecular 

weight are more likely to have high solubility [5]. Factors such as pH, temperature, ionic strength, 

among others can affect the solubility of a protein, where in general the increase in temperature 

leads to increased solubility while pH is maintained. Solubility comparisons from before and after 

processing can indicate the presence of cross-linking and the degree of cross-linking [65]. Protein-

water interactions also affect protein functionality, stability and more due to its effects on the three-

dimensional structures of proteins [66]. Hydration of proteins is the process from the dry state to 

the solution state over the entire process. Both hydration and solubility are highly dependent upon 

the amino acid composition of the proteins, as water molecules bind to proteins via dipole-dipole, 

dipole-induced dipole, and charge-dipole interactions.  

Three main categories envelope the techniques used to manufacture protein-based composite 

materials: solution intercalation, in-situ polymerization and melt intercalation [33]. Solution 

intercalation requires a solvent in which the inorganic fillers can swell in, and proteins are soluble, 

such as water, chloroform or toluene. The inorganic fillers, such as silicate platelets, are first 

swollen. The solution of swollen nanoparticles are combined with the protein, and the protein 

chains intercalate, displacing the solvent within the interlayer of the silicate. The solvent is then 

removed to expose an intercalated nanocomposite. In-situ polymerization is a method in which the 

filler is first swollen by a monomer solution, which then polymerizes between nanofillers through 

the addition of heat or radiation. Melt intercalation involves annealing a mixture of polymer and 

the nanofiller until the polymer softens, then allowing the composite to cool. Typically, polymers 

that are not suitable for in situ polymerization or solution intercalation can be used in this process. 

Following these processes, industrial processes are used to create functional plastic products. 

Extrusion, an industrial process in which one or two screws rotates within a heated barrel, pushing 
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the material through a die, has successfully been used to process protein-based materials [67-69]. 

Other processes include injection molding and compression molding.  

1.5 Properties of Protein-Based Materials 

Biocompatibility and biodegradability are two very attractive properties for using proteins in 

functional composites instead of traditional synthetic polymers. Petroleum-based polymers do not 

degrade for several decades under normal environmental conditions [70]. In addition to this lack 

of degradability, thermosetting petroleum-based polymers cannot be thermally reformed or 

recycled and have very few uses beyond their initial applications [71]. Petroleum-based 

thermoplastics can be melted and recycled, however thermal history can affect the overall 

properties of the material. At current consumption rates, the world petroleum resources are 

expected to only last for the next 50 years roughly [70]. Due to the slow degradation, limited 

recyclability and diminishing resources for petroleum-based materials, green composites are of 

high interest for functional materials. Proteins and other natural materials are generally 

biocompatible (e.g. possess low toxicity to humans) and biodegradable, ultimately providing little 

negative impact to the environment. Due to this biodegradability and the high availability of 

proteins, particularly plant proteins, the environmental impact of protein-based plastics is 

significantly lower than that of synthetic plastic materials. However, the processing and post-

treatment procedures required for superior  performance of protein-based materials contributes to 

a high cost of production, which could limit the applications for such materials [72].  

Biocompatibility and biodegradation are also critical for protein materials with biomedical 

applications, such as targeted drug delivery, tissue engineering, sutures, stents, implants and 

others, in which the goal of the material is to degrade over time without causing an adverse 

response by the human body. Biocompatibility can be affected by a number of properties including 
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molecular weight, solubility, hydrophilicity/hydrophobicity, surface energy, material chemistry, 

mechanism of degradation/erosion, lubricity and shape and structure [73]. Biodegradation within 

the body should fit the application, and coincide with tissue regeneration or healing [74].  

Properties of materials such as mechanical, electrical, optical, chemical and thermal properties 

will determine the possible applications of such materials. In most cases, mechanical properties, 

such as stiffness and strength, are significantly lower for protein-based materials in comparison to 

synthetic petroleum-based materials [33]. Additionally, protein-based materials tend to be 

sensitive to moisture, ultimately decreasing the mechanical properties when they absorb moisture 

[75]. Table 2 shows the comparison of mechanical properties of three plant-protein films and 

common synthetic polymers. In general, protein-based films exhibit significantly reduced tensile 

strength and elongation in comparison to the synthetic polymers listed, however Young’s Modulus 

is comparable for protein-based films and low-density polyethylene, one such material used in 

food packaging applications.  

TABLE 2 

Comparison of mechanical properties between common synthetic polymers and protein-based 

films [33, 61, 76] 

Material 
Young’s Modulus 

(MPa) 

Tensile Strength 

(MPa) 

Elongation at Break 

(%) 

Synthetic polymers* 
Low density 

polyethylene (LDPE) 
210 11,000 190 

High density 

polyethylene (HDPE) 
911 20.3 380 

Polypropylene (PP) 1,900 36.8 120 

Poly(ethylene 

terephthalate) (PET) 
2,700 55 130 

Protein-based films 

Pea protein** 204.9±66.5 7.3±0.4 46.8±5.8 

Soy protein+ Not Available 8.5±0.5 31.9±2.4 

Whey protein++ 199 6.9 41 
*Averaged values from manufacturers’ data at: [76] 
**pH 9, 10% PPC, 70/30 (PPC/Gly) [61] 
+pH 10, 5% SPI, 10/3 (SPI/Gly) [77]; ++pH 7, 5% WPI, 70/30 (WPI/Gly) [78] 
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Plasticizers are often added to protein-based materials to aid in processability of polymers, as 

plasticizer molecules separate polymer chains, allowing them to slide past one another with ease. 

Plasticizers are often used for protein-based films. Park et. al studied the effects of polyethylene 

glycol (PEG) and glycerin as plasticizers on mechanical properties of gluten- and zein-based films. 

In general, this study found that the tensile strength decreased and elongation increased with the 

increase of plasticizer [79], as shown in table 3. Mixtures of both PEG and glycerin yielded 

different mechanical properties of the wheat gluten and corn zein films. The tensile strength of the 

wheat gluten films increased, while the elongation decreased as the glycerin/PEG ratio decreased, 

with wheat gluten films containing 100 % PEG being brittle. As for corn zein films, the highest 

tensile strength was obtained at a 50/50 glycerin/PEG ratio, and elongation increased as the ratio 

decreased.  

TABLE 3 

Effects of plasticizer on tensile strength (TS) and elongation (E) of wheat gluten and corn zein 

films [79] 
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Although protein-based materials have suitable mechanical properties, in some cases 

comparable to synthetic polymers, proteins are very sensitive to moisture in general. Moisture 

absorption could dramatically change the mechanical properties of protein-based materials. 

Gennadios et. al studied the effects of humidity and temperature on mechanical properties of edible 

corn zein and wheat gluten films [80]. Their study revealed that wheat gluten films were more 

sensitive to relative humidity, with a measured moisture content nearly double that of corn zein 

films at the elevated humidity levels, though both materials are considered hydrophilic. The tensile 

strength was measured as a result of changing relative humidity, showing that for both wheat gluten 

films and corn zein films, the tensile strength decreased with the increase in relative humidity. 

Previous studies show that for hydrophilic films, such as those made from proteins, absorbed 

moisture can have a plasticizing effect, yet tensile strength and barrier properties are negatively 

affected by this moisture [81]. Another study by Zhang et. al found the yield stress, stress at break 

point, strength and Young’s Modulus of extruded SPI sheets were negatively affected by increased 

moisture content, while elongation improved with the increased moisture content [82]. The 

toughness of SPI extruded sheets was found to initially increase at 11% relative humidity, before 

decreasing as the relative humidity increases. Aside from moisture absorption and plasticizers, pH 

[83], processing conditions [83], and cross-linking agents [84] can also have significant effects on 

the mechanical and physical properties of plant-protein based materials 

Similar to many synthetic polymers, proteins are semi-crystalline polymers, and experience 

several different thermal transitions [65]. Glass transition temperature (Tg) indicates the initial 

onset of chain segment mobility, where polymer chains in the amorphous regions begin sliding 

past one another. Tg relies on the primary structure of the protein, moisture content, pressure and 

free volume and additives [65, 85]. Table 4 lists the glass transition temperature of several dry 
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proteins. Like mechanical properties, thermal properties can be affected by plasticizers, moisture 

content and other alterations. Rivero et. al studied the effects of plasticizer on thermal properties 

of gelatin films, discovering the increased glycerol content from 0 % to 100 % caused the melting 

temperature of gelatin films to increase from about 87°C to near 140°C, while the opposite was 

observed for glass transition temperature as Tg decreased with the increased glycerol content [86]. 

The results suggest that the plasticizer induced a structural change, ultimately affecting the overall 

properties of the material.  

TABLE 4 

Tg of various dry proteins [25, 85, 87-89] 

Protein Tg (°C) 

Feather keratin 238 

Wheat gluten 162 

Soy protein 172 

Corn 178 

 

1.6 Applications of Protein-Based Materials 

1.6.1 Protein-Matrix Materials 

Protein-based materials include blends, composites, films, foams, gels, fibers, grafts, particles, 

plastics and more. The type of materials and the structure of the overall material system is selected 

for the application based on the desired properties. Films are of high interest particularly for plant 

proteins. Edible films and coatings are being investigated for applications in food packaging and 

preservation. Edible films are thin continuous sheets of thicknesses between 0.050 mm and 0.250 

mm made from biopolymers, such as proteins and polysaccharides [90]. In general, edible films 

for food packaging are advantageous over non-edible films due to its biodegradability and 

biocompatibility making it suitable for human consumption, it can serve as a barrier to preserve 
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the quality of the food, and additives can be used to enhance the nutritional properties of the films 

[91]. Their biodegradability creates a virtually environmentally friendly material, unlike synthetic 

polymer non-edible films that are currently being used for roughly 42 % of packaging materials 

[92]. In general, plant protein based edible films possess lower tensile strengths and higher water 

vapor permeability and elongation than traditional synthetic polymers used for non-edible films. 

Soy protein, corn zein and wheat gluten have been extensively studied for centuries for 

applications as edible films. Crosslinking agents are often added to plant proteins to enable film 

formation, and ultimately affecting the overall mechanical properties. Park et al. used calcium salts 

to enhance crosslinking between SPI and glucono-δ-lactone (GDL) to form edible films, ultimately 

finding that the SPI films treated with calcium sulphate produced higher tensile strength than those 

treated with calcium chloride [93]. Plasticizers are vital to the formation of plant protein films in 

order to create a three-dimensional organized structure and decrease intermolecular forces 

resulting in lower cohesion, elasticity, mechanical properties and rigidity [5].  

SPI plastics were first investigated in the 1930s and 1940s, when Henry Ford mixed soy protein 

with phenol-formaldehyde resin for applications in automobile parts due to the high cost and 

relatively low availability of most petroleum based materials [5]. Soy protein has been investigated 

as a composite filler, matrix material and surfactant material, however these materials typically 

show higher moisture absorption and lower overall strength than petroleum-based materials [71]. 

Protein-based materials have also been investigated for industrial applications. Ruiz-Hickey et al. 

found potential applications for nanocomposites made of polysaccharides, proteins, nucleic acids 

or a combination of materials include clothes, conductive polymers, biomedical applications, 

superabsorbent materials and packaging applications [33]. Biomedical applications are of high 

interest for proteins, particularly for biodegradable animal proteins, as these proteins have 
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structures similar to those found in the human body. Scaffolds for tissue engineering are an 

application of high interest for collagen and silk proteins. Other biomedical applications include 

artificial skin and other tissues, drug delivery systems, implants, stents, surgical tools, and more.  

1.6.2. Protein in Polymer Systems 

Plant proteins tend to exhibit brittle mechanical properties and poor moisture resistance. Due 

to these shortfalls, some research focuses on materials systems involving both proteins and 

synthetic polymers. Recent research investigates protein as a matrix, a surfactant and a filler in 

synthetic polymer composites, as well as a component in protein-synthetic polymer blends.  

Due to their compatibility with synthetic polymers, proteins have been studied as a surfactant 

for both fillers as an attempt to improve the filler-matrix interface, ultimately enhancing a number 

of material properties. Z. Zheng et. al used the 2S fraction of soy protein isolate as a non-covalent 

surfactant for carbon nanofibers (CNF) dispersed in a poly(vinylidene fluoride) (PVDF) matrix 

[94]. This study found the dispersion quality of CNFs in the PVDF matrix was improved with the 

2S SPI modification of CNFs, however increased concentration of 2S SPI surfactant did not 

contribute to a noticeable difference in dispersion quality, as shown in SEM micrographs in figure 

4. The 2S SPI modification also had significant effects on the relaxation behaviors of PVDF/CNF 

composites, ultimately contributing to the enhanced conductivity relaxation compared with 

Maxwell-Sillars relaxation (MWS). However, both relaxation processes increased in strength at 

elevated temperatures. The two relaxation processes were coupled for PVDF/CNF composites 

made with 2S SPI modification; however, the processes were not coupled for PVDF/CNF 

composites made without surface modification.  
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Figure 4. SEM  images of fracture surfaces of PVDF/1wt%CNF composites (a, b); 

PVDF/1wt%CNF-1:1 (a 1:1 ratio between CNFs and 2S SPI surfactant) (c,d); PVDF/1wt%CNF-

1:3 (a 1:3 ratio between CNFs and 2S SPI surfactant) (e,f) [94] 

 

Both protein fibers and particles have been studied as fillers for polymer composites. E. Obuz 

et. al successfully extruded both wheat gluten and sorghum flour films combined with low density 

polyethylene (LDPE) and metallocene-catalyzed ethylene-butene copolymer (MCEBC) 

respectfully [95]. Sorbitol was used as a plasticizing agent. The study found both wheat gluten and 

sorghum flour acted as particles in the synthetic polymer matrix. In comparison with pure LDPE 

and pure MCEBC, the composites with wheat gluten and sorghum flour produced lower tensile 

strengths and Young’s modulus values that decrease with the increase of sorbitol. Composites 

made with MCEBC maintained tensile properties better than those made with LDPE, with 

sorghum flour composites producing slightly higher values than wheat gluten composites.  
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Polymer blends are the results of combining two or more different polymers in order to create 

a new material with new and distinct material properties [96]. P. Mungara, et. al combined soy 

protein with polycaprolactone (PCL) and Biomax (a biodegradable polyester), respectively [97]. 

The goal of the soy protein-polyester blends is to utilize the biocompatibility and sustainability of 

the soy protein, while the polyesters help mitigate moisture absorption. Through using a 

polyvinylpyrrolidone (PVP) compatibilizer, the synthetic polymers were able to disperse 

homogenously throughout the soy protein, as shown in figure 5. The authors found that the increase 

in synthetic polymer resulted in increases in tensile strength and young’s modulus, and a decrease 

in water absorption, indicating the synthetic polymer was able to reduce the effects of moisture on 

the blends. Ultimately, the authors determined that the soy protein/polyester blends improved the 

strengths from that of pure soy protein, but these blends exhibited brittle characteristics, producing 

relatively low elongation at break. Protein/synthetic polymer blends have also been studied for 

biodegradable and biomedical applications such as scaffolds for tissue engineering [98-100] 

 

Figure 5. Scanning electron microscopy of pure SPI (a), SPI/Biomax/PVA (BPVA) (70:30) (b), 

Soy protein concentrate/BPVA (70:30) (c), Soy protein flour/BPVA (70:30) (d) [97] 
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1.7 Research Problem Statement  

While many previous researches have explored the applications of plant proteins in functional 

polymer composites/blends, one unique characteristic of plant proteins is frequently neglected, 

that is, the diversity of protein structures and its contributions to complex protein-polymer 

interactions. Due to complex primary protein structures (random copolymers of around 20 amino 

acids), distinctive higher-level proteins structures are expected, subjected to the processes as well 

as interactions with polymer matrix, which are believed to create different materials properties and 

functionalities. Therefore, a careful understanding of the desired interactions and functional 

properties is needed in order to determine the processes in which to subject them to. 

Most recent research regarding plant protein functional composite materials focuses on the 

primary and secondary structures of plant proteins, and the modification of such, for example 

exposing hydrophilic or hydrophobic secondary subunits in order to enhance cross-linking. The 

insight into tertiary and quaternary structures formed by the re-aggregation of denatured SPI during 

materials processing, and their roles on the protein-protein and protein-polymer interactions are 

limited, and therefore need further exploration.   

Denaturation of proteins involve the unfolding of aggregated proteins to different degrees 

depending on the processes and the proteins, which provides opportunity to interact with polymer 

materials in the fabrication of polymer/protein blends and composites. The re-aggregation of these 

denatured proteins, affected by the protein-polymer interactions and fabrication processes, could 

create protein phases from nano-scale to micro-scale, which in turn alters the overall properties of 

the resulting composite materials.  

This work followed thermal denaturation procedures in which to subject proteins prior to the 

composites fabrication. Thermal denaturation processes can be altered by changing the 
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temperatures, durations and solvents involved in the process. For soy protein isolate (SPI), the 

types of denatured SPIs and their interactions with the polymer matrix depend upon pH, 

temperature and time of the denaturation process [101, 102], as well as the source of the SPI [103]. 

Varying these factors could result in different functional groups of the SPI being exposed during 

the composites fabrication process, thus affecting the re-aggregation of denatured SPI, and phase 

morphologies of composites. The resulting SPI phases with differing aggregated structures will 

expect to produce different material properties. 

1.8 Proposed Work  

In this study, the effects of the interactions between proteins and polymers on the relaxation 

behaviors of protein/polymer composites were studied. We sought to understand the types of 

protein-polymer interactions created via different processes, and their influences on the 

composites. Polyethylene oxide (PEO)/soy protein isolate (SPI) composites were studied. PEO is 

a semicrystalline, hydrophilic, non-toxic thermoplastic with very good biocompatibility. PEO is 

water soluble, and is often used to understand the effects of various fillers [104]. For these reasons, 

PEO was chosen as the polymer matrix material for this study.  

As previously discussed, SPI has gained significant interest as a component of functional 

materials with a range of applications due to its structures, biodegradability and abundance, among 

other characteristics. For this study, SPI is used as a functional modifier for PEO/SPI composites. 

SPI was subjected to different processes in an effort to create different SPI quaternary structures. 

These different processes included mechanical mixing of both SPI and PEO in which no heat or 

solvent was applied, and thus no denaturation, as well as denaturation under the same conditions 

in both dimethyl sulfoxide (DMSO) and water, respectively.  
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Time and temperature dependent viscoelastic properties are vital for understanding the 

structures and behaviors of polymeric systems, and they are able to reveal knowledge on the 

materials interactions in multi-phased materials structures. In this study, both rheological and 

dielectric properties were investigated, in order to gain understanding of relaxation behaviors of 

the PEO/SPI composites. Materials relaxations are directly related to SPI-PEO and SPI-SPI 

interactions in the composites created by different processes, the analysis of which is helpful and 

critical not only for understanding process-structure-property relationships, but also for ultimately 

tailoring material properties via different processes to achieve desirable composites and 

applications. In particular, this study focused on the networking capability of different SPI 

structures in the polymer matrix, and their effects on the rheological and dielectric properties. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Materials  

Polyethylene oxide (PEO) with a viscosity average molecular weight (Mv) of 100,000 g/mol 

was used as the matrix for the material system studied in this work. PEO was purchased from 

Sigma-Aldrich. Soy protein acted as a reinforcement to the PEO matrix (PEO/SPI). Soy protein 

isolate with a protein content of more than 90 % was generously donated by Archer Daniels 

Midland (ADM). For the PEO/SPI composites, dimethyl sulfoxide (DMSO) and distilled water 

(DS-H2O) were used as solvents for the denaturation and solution processing processes.  

 

2.2 Methods 

 

TABLE 5 

List of PEO/SPI composites  

Sample Name SPI (g) PEO (g) Solvent (ml) Denaturation time (hr) 

PEO/0.5wt%SPI 0.015 3 30 4 

PEO/1wt%SPI 0.030 3 30 4 

PEO/5wt%SPI 0.158 3 30 4 

PEO/10wt%SPI 0.333 3 30 4 

PEO/10wt%SPI-BM 0.333 3 0 0 

PEO/50wt%SPI-BM 3 3 0 0 
• BM – Ball Milling 
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Figure 6. Sample preparation process for PEO/SPI composites 

PEO/SPI composites prepared in this study are listed in table 5. For the first four PEO/SPI 

composites listed in table 5, the SPI was subjected to denaturation prior to the material fabrication 

process, as shown in figure 6. Both DS water (PEO/SPI-H2O) and DMSO (PEO/SPI-DMSO) were 

used to make different sets of PEO/SPI composites in order to understand the role of the solvent 

on the denaturation and re-aggregation process of the SPI. SPI was first added to the solvent and 

magnetically stirred at 90°C for four hours. The temperature and time used for the denaturation 

process was chosen to ensure a high level of denaturation, based on previous studies of SPI [101, 

102]. Following the denaturation process, 3g of PEO was added to the solution, and magnetically 

stirred at 90°C for four more hours. The solution was then poured into a glass petri dish, and placed 

in an oven to dry for four days at 60°C. The dried PEO/SPI composite was then compression 

Oven dry 

(60°C) for 
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@ 100°C 
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Heat/stir 

(90°C) for 4 
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molded using a Carver Benchtop Heated Press (Model 4386) at 100°C into circular samples of 

1mm thickness, and 25mm diameter.  

 The bottom two PEO/SPI composites listed in table 5 were made using a simple ball milling 

process (PEO/SPI-BM). For these composites, SPI and PEO powders were combined through 

mechanical mixing using a ball mill. The mixed powders were then compression molded at 100°C 

into the same1mm thick round disk samples with a 25mm diameter.  

 In order to study the contributions of SPI, pure PEO samples were made as a control. 

Pure PEO samples were made with the same sample preparation processes as their PEO/SPI 

composite counterparts, for example PEO/SPI-DMSO composites were compared to PEO that 

was heated and stirred for four hours in DMSO, dried for four days and compression molded. 

PEO powder was used for pure PEO reference samples for PEO/SPI-BM composites.  

2.3 Characterizations 

2.3.1 Rheology 

Rheology is defined as the study of deformation and flow of matter according to the 

American Society of Rheology [105], and in more broad terms, rheology refers to the study of 

both deformation and flow of matter under applied forces [8]. Many materials and solutions 

including polymeric materials exhibit both viscous and elastic behaviors. Viscosity is defined as 

the resistance to flow, while elasticity is defined as a material’s ability to deform and return to its 

original form after a given time. Viscoelasticity describes time-dependent deformation and 

recovery of a material undergoes due to an applied load. Viscoelasticity can also be defined as 

material behavior falling between ideal elastic and ideal viscous behaviors [105]. Viscoelastic 

behavior is characteristic of all polymer materials [106]. Small amplitude oscillatory shear tests 

were performed to understand the viscoelastic properties of the PEO/SPI composite materials. 
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Oscillatory shear tests involve the application of oscillatory strains to a material confined between 

two parallel plates at a temperature above the melting temperature (Tm), as shown in figure 7b, 

where stress (σ), strain (γ) and strain rate (�̇�) are as follows: 

          𝜎 =
2

𝜋𝑟3 𝑀          (2.1) 

𝛾 =
𝑟

ℎ
𝜃          (2.2) 

�̇� =
𝑟

ℎ
𝛺          (2.3) 

Where r is the radius of the parallel plate, h is the distance between the two plates, M is the torque 

in μN·m, θ is the angular motor deflection in radians and Ω is the motor angular velocity in 

radians/s. One advantage of oscillatory methods is the broad frequency test range covered with a 

single instrument [105]. For this study, the linear viscoelastic properties were studied, that is the 

testing parameters were chosen for strain values that fall into the linear viscoelastic region, which 

is determined by the material’s stress relaxation. To determine the linear viscoelastic region, a 

polymeric liquid is subjected to a step increase in strain, resulting in the stress relaxing in an 

exponential fashion [106]. For small strains, the stress relaxation maintains a linear dependence 

on strain, creating a plateau on the log-log plot of storage modulus (G’) vs. strain rate. This plateau 

region is considered the linear viscoelastic region, the region in which no permanent damage is 

done to the material. As strain increases, the stress relaxation is no longer independent of the strain, 

entering the nonlinear region of viscoelasticity.  

Rheological analysis was performed with a TA-DHR2 Rheometer by TA Instruments, with 

a parallel plate configuration of 25mm and a geometry gap of 1mm as shown in figure 7a. Strain 

sweep and oscillation frequency tests were conducted at both 100°C and 140°C. Initial strain sweep 

tests were conducted on all samples in order to determine 0.1% to be an appropriate strain within 
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the linear viscoelastic regions for oscillation frequency tests, while the angular frequency range 

chosen was 0.01 rad/s to 100 rad/s.  

 

 

 

Figure 7. Parallel plate configuration on a TA-DHR2 Rheometer by TA Instruments (a). 

Working principle of oscillatory shear testing with a parallel plate configuration (b) [107] 

 

2.3.2 Dielectric Analysis 

Dielectric materials are inherently electrically insulating materials with the ability to 

polarize, or create an alignment of dipoles in the presence of an applied electric field [108]. Due 

to this dielectric polarization, dielectric materials is capable of storing electrical energy. The 

majority of polymeric materials tend to be insulating naturally [7]. Dielectric relaxation 
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spectroscopy was analyzed on a HOIKI IM 3533-01 LCR meter shown in figure 8. Circular 

specimens were placed between two electrodes to create a parallel plate capacitor, where AC 

power was applied. Frequency sweeps were conducted, collecting capacitance and impedance data 

across the temperature range from room temperature to 60°C. All dielectric testing was conducted 

over a frequency range of 200kHz to 1Hz.  

 

 

Figure 8. HOIKI model IM 3533-01 LCR meter 

 

2.3.3 X-ray Diffraction 

X-ray diffraction (XRD) is a non-destructive technique to characterize crystalline 

structures and total crystallinity by using high-energy x-ray waves and measuring the diffraction 

patterns produced as a result of these waves contacting crystal structures of a material [109], as 

shown in figure 9. X-rays are provided by a radiation source, and contact the sample at a given 

angle, θ. Crystals that have planes oriented at θ to the x-ray beam cause a diffraction in the 

radiation, which is then detected [110]. Amorphous structures do not have characteristic diffraction 

patterns, and rather produce a very broad diffraction spectrum [110]. However, PEO is a 
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semicrystalline polymer, and therefore has both crystalline and amorphous regions, thus XRD is 

an effective technique to characterize these structures. A 2θ range of 2° to 45° was used at 30kV. 

MDI Jade 9 software was used to analyze XRD diffraction patterns and calculate total crystallinity 

for each sample.  

 

 

Figure 9. A schematic of the XRD technique used to characterize crystalline structures and total 

crystallinity [110] 

 

2.3.4 Phase Morphology Analysis 

Scanning electron microscopy (SEM) has the ability to capture images in the nanoscale 

range. SEM images were taken of the cross-sections of compression molded samples. Samples 

were fractured using liquid nitrogen to prevent plastic deformation in order to capture cross-

sectional SEM images. An FEI Versa 3D Dual Beam scanning electron microscope was used with 

an acceleration voltage of 10kV. The distribution of SPI phases in polymer matrix was also 

analyzed using the Confocal Laser Scanning Microscopy (CLSM). The fluorescence images were 

recorded by CLSM with Olympus 3I Spinning Disk Confocal Epifluorescence TIRF Inverted 

Microscope.   

  



 

35 
 

CHAPTER 3 

STRUCTURAL ANALYSIS 

3.1 X-Ray Diffraction (XRD) 

As previously discussed, XRD provides information about a polymer’s total crystallinity and 

characteristic crystallites. Crystallites in polymers diffract x-ray beams from parallel planes for 

incident angles θ, determined through Bragg’s law:  

 

𝑛𝜆 = 2𝑑 sin
𝜃

2
           (3.1) 

 

Where n is the order of reflection, λ is the wavelength, d is the distance between two 

crystallographic planes, and θ is the scattering angle. The x-ray waves that are reflected by small 

crystallites produce diffraction rings or halos, where high crystallinity creates sharp diffraction 

peaks, and amorphous phases create broad halos [8].  

Crystallization for polymers is different from that of small molecules due to the 

entanglement of polymer molecules that doesn’t exist in other groups of materials [7]. With most 

small molecules, crystallinity reflects the packing of atoms, where in some cases visible crystals 

are formed, however crystallinity in polymeric materials refers to the long-range order of large 

polymer molecules, or polymer chains. Polymers crystallize during the cooling process from the 

molten state, with its molecules packing into linear segments if it is thermodynamically stable to 

do so. Crystallinity for polymers is not easily achieved due to chain entanglements, branches, side 

group interactions and viscous drag on polymer chains [7]. Due to this phenomenon, polymers 

with some degree of crystallization are known as semicrystalline, where the material contains both 

crystalline and amorphous regions. Molecular structure and chain motion kinetics determine the 
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extent to which a polymer crystallizes. Crystallinity has a significant impact on the mechanical, 

thermal, optical and electrical properties of a material.  

 Crystallinity could significantly impact dielectric properties as well, due to different 

polarization behaviors of crystalline and amorphous structures. In PEO/SPI composites, PEO 

matrix, SPI phases as well as their interfaces all contribute to the total dielectric polarization. 

Moreover, interfacial polarization, also known as the Maxwell-Wagner-Sillars (MWS) effect is 

present in heterogeneous systems where space-charge buildup occurs at the macroscopic interfaces 

between additives, fillers, impurities and other interfacial regions [111]. In our composites, besides 

PEO/SPI interfaces, it also includes the boundaries between crystalline regions, and 

crystalline/amorphous regions, which could be reflected by changes to crystalline structure and 

total crystallinity. To better understand the PEO-SPI interactions via dielectric analysis, it is 

necessary to look into the crystalline structures of PEO matrix first.  Both groups of PEO/SPI 

composites made with low concentrations of SPI and high concentrations of SPI, regardless of the 

solvent, showed no significant changes in XRD diffraction peaks or total crystallinity compared 

to that of pure PEO, as shown in figure 10 and table 6. Due to the lack of changes in crystalline 

structures, any variations in dielectric behavior by PEO/SPI composites can be attributed to the 

SPI phases and its interactions with PEO.   

 

TABLE 6 

Total crystallinity for PEO-H2O, PEO/SPI-H2O and PEO/SPI-DMSO composites 

 PEO-H2O 
PEO/SPI-H2O  PEO/SPI-DMSO 

1wt% 10wt% 1wt% 10wt% 

Total 

Crystallinity 
46% 48% 45% 49% 46% 
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Figure 10. X-ray diffraction patterns for PEO-H2O, PEO/SPI-H2O and PEO/SPI-DMSO 

composites  

 

3.2 Phase Morphologies 

As discussed in chapter 2, SPI was subjected to different processes during the materials 

fabrication. Fluorescence images and SEM micrographs in figure 11 show the different 

morphologies of PEO/SPI composites subjected to different processes. SPI phase appears green in 

the fluorescent images of figures 11a and 11b. For the PEO/10wt%SPI-BM composite shown in 

figure 11a, SPI particles appear to have broad particle sizes with few interactions between SPI 

particles. The aggregation among ball-milled SPI particles is observed in the SEM image (fig. 11c) 

of the PEO/10wt%SPI-BM composite. The PEO/10wt%SPI-H2O composite shows a large 

fluorescence area and uniform distribution of SPI particles (figs. 11b and 11d respectively). This 

continuity present in the PEO/10wt%SPI-H2O composite indicates a percolated SPI network 

structure is well-established between SPI phases. A percolated network structure is a continuous 

structure between nanoparticles in nanocomposite materials that is formed above the percolation 
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threshold, or the minimum volume fraction of filler required for the formation of said network 

structure. This network structure is not present in the PEO/10wt%SPI-BM composite. 

 

 

Figure 11. Fluorescence images and SEM micrographs for PEO/10wt%SPI-BM composites (a 

and c) and PEO/10wt%SPI-H2O composites (b and d) 

  



 

39 
 

CHAPTER 4 

RHEOLOGICAL ANALYSIS 

4.1 Oscillation Frequency Sweep Analysis 

Oscillation frequency sweep tests indicated SPI was able to form network structures and strong 

interactions with PEO, but those interactions relied upon the processes in which SPI was subjected 

to. Frequency sweep tests subject a sample to a constant strain at a given temperature and measure 

the material’s viscoelastic responses over a given angular frequency. These viscoelastic behaviors 

are expressed in terms of storage modulus (G’) and loss modulus (G”), in which G’ represents the 

elastic behavior, and G” represents the viscous behavior of the materials. These parameters are 

expressed by the following: 

 

𝐺∗ =
𝜎

𝛾
          (4.1) 

 

Where G* is the complex modulus, σ is the measured dynamic stress, and γ is the applied constant 

strain during rheological testing using TA-DHR2 Rheometer, expressed by the following:  

 

G* is then used to calculate G’ and G” as follows: 

 

       𝐺′ =  𝐺∗ cos 𝛿         (4.2) 

       𝐺” = 𝐺∗ sin 𝛿         (4.3) 

 

Where δ is the phase angle, or the angle in which the stress sinusoidal curve shifts from the strain 

sinusoidal curve. Strain sweep curves contain both G’ and G” curves, with the dominating behavior 
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being the curve with greater absolute values. For this study, the analysis of strain sweep curves 

focuses on the terminal angular frequency region, or the region corresponding with lower 

frequencies. This is because low frequency behavior reflects the small structures of the material, 

rather than the bulk behavior, which is described by the high-frequency behavior.  

 G’ and G” for both PEO/SPI-H2O and PEO/SPI-DMSO composites are concentration-

dependent at 100°C, as shown in figure 12a and 12b, with even the lowest SPI concentration 

(1wt%) providing an increase of both G’ and G”, thus increasing the overall viscosity as reflected 

by the following: 

     |𝜂∗| = (𝜂′2 + 𝜂”2)
1

2 = [(
𝐺”

𝜔
)

2

+ (
𝐺′

𝜔
)

2

]

1

2

=
1

𝜔
|𝐺∗|                  (4.4) 

 

Where η* is the complex viscosity [106]. However, when the SPI does not undergo denaturation, 

as in the PEO/10wt%SPI-BM composite, SPI has very little impact on G’ and G” of the composite, 

as shown in figure 12c. This behavior supports our findings from SEM micrographs of 

PEO/10wt%SPI-BM composites, and again implies that the denaturation and solution processing 

of the PEO/SPI composites has a significant impact on the viscoelastic behaviors of the material.  

 For both PEO/SPI-H2O and PEO/SPI-DMSO composites, the rheological data indicate the 

formation of SPI network structures, albeit different SPI networks depending upon the solvent. 

Two behaviors observed in figure 12a and 12b indicate the formation of these networks: weakened 

frequency dependence in the terminal region, and a dominant G’ over G”. For PEO/SPI-H2O 

composites, a slight crossover of G’ and G” is observed at 5wt% SPI loading, however a more 

obvious G’ dominance and weakened frequency dependence is more clear at 10wt% SPI loading, 

as shown in figure 12a. This behavior suggests an SPI network is present for PEO/10wt%SPI-H2O 

composites.  



 

41 
 

PEO/SPI-DMSO composites show a clear frequency-independent region starting at just 

5wt% SPI loading. As SPI concentration increases to 10wt%, G’ becomes very dominant over G”, 

as shown in figure 12b. This behavior indicates the percolation threshold is much lower for 

PEO/SPI-DMSO composites than it is for PEO/SPI-H2O composites. In addition to a lower 

percolation threshold, absolute values for G’ and G” for all SPI concentrations are much higher 

for PEO/SPI-DMSO composites than PEO/SPI-H2O composites, indicating stronger SPI-PEO 

interactions created via DMSO than those created using H2O. The differing behavior between 

PEO/SPI-H2O and PEO/SPI-DMSO composites due to the different SPI-SPI and SPI-PEO 

interactions formed in each solvent imply that the different SPI quaternary structures formed via 

denaturation depend upon the solvent used. In this case, the SPI-SPI and SPI-PEO interactions 

appear strongest when DMSO is used for both denaturation and materials fabrication.  
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Figure 12. Frequency sweep results at 100°C for PEO/SPI-H2O composites (a), PEO/SPI-DMSO 

composites (b) and PEO/SPI-BM composites (c) 
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Figure 12 (continued) 
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4.2 Analysis of SPI Networks 

Another indicator of the formation of a percolating network structure is given by Tan(δ), 

widely accepted as a gelation indicator when Tan(δ) equals 1. Tan(δ), also known as the loss factor, 

is expressed by the following: 

                   Tan( 𝛿) =
𝐺”

𝐺′                                  (4.5) 
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Figure 13. Tan(δ) at 100°C of pure PEO, PEO/10wt%SPI-BM, PEO/10wt%SPI-H2O and 

PEO/10wt%SPI-DMSO composites 

 

Gelation is commonly used to describe the appearance of a network structure when Tan(δ) is less 

than 1, i.e. the G’ is greater than G”. Again, Tan(δ) plots show a noticeable difference between 

PEO/10wt%SPI-BM composites, and the PEO/10wt%SPI-H2O and PEO/10wt%SPI-DMSO 

composites, as shown in figure 13. Again, PEO/10wt%SPI-BM composites have comparable 

Tan(δ) behavior to the pure PEO samples, which is significantly above 1, indicating fluid-like 

behavior. Both the PEO/10wt%SPI-H2O and PEO/10wt%SPI-DMSO composites produced Tan(δ) 
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data below 1 in the terminal region, indicating the presence of a SPI network structure. Tan(δ) then 

crosses over to just above 1 in higher frequencies for PEO/10wt%SPI-H2O composites. Tan(δ) 

behavior for PEO/10wt%SPI-DMSO composites remains significantly below 1 across the entire 

frequency range. The separation between the Tan(δ) behaviors of PEO/10wt%SPI-H2O and 

PEO/10wt%SPI-DMSO composites suggest the SPI network is noticeably stronger for DMSO 

composites, supporting our previous conclusions. 

 As previously discussed, the linear viscoelastic region occurs when the material’s stress 

relaxation shows a linear dependence on strain. This region can be observed on log-log plots of G’ 

vs. strain as a plateau region preceding the non-linear region, in which relaxation modulus is no 

longer independent of strain. The linear viscoelastic region for PEO/50wt%SPI-BM composites is 

shorter than both PEO/10wt%SPI-H2O and PEO/10wt%SPI-DMSO, as shown in figure 14a. This 

behavior is characteristic of a more rigid material. However, the Tan(δ) for PEO/50wt%SPI-BM 

is above 1 across the entire frequency range, which is larger than Tan(δ) for both PEO/10wt%SPI-

H2O and PEO/10wt%SPI-DMSO composites, as shown in figure 14b. This behavior indicates that 

while PEO/50wt%SPI-BM composites have the highest concentration of rigid particles, which 

likely contributes to the shortened linear viscoelastic region, these composites are still unable to 

form strong SPI-SPI and SPI-PEO interactions, thus lacking the percolated SPI network structure. 

The inability to form an SPI network structure even at very high SPI concentrations indicates that 

the SPI particles formed from the denaturation and re-aggregation in both H2O and DMSO are 

critical for the formation of an SPI network.  
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Figure 14. Strain sweep (a) and Tan(δ) (b) for PEO/50wt%SPI-BM, PEO/10wt%SPI-H2O and 

PEO/10wt%SPI-DMSO composites 
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Figure 15. Cole-Cole plots for PEO/10wt%SPI-BM (a) and PEO/10wt%SPI-H2O (b) composites 
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The Cole-Cole plots in figures 16b and 16c provide insight into the miscibility of PEO and 

SPI. The semi-circle shape formed by PEO/10wt%SPI-BM in figure 15 indicates only one 

continuous phase present for this composite. Considering the evidence of no SPI network structure 

from previous discussion, it’s likely the only continuous phase for PEO/10wt%SPI-BM 

composites is the PEO, while the ball-milled SPI was not able to networking with each other. The 

linear trend created by PEO/10wt%SPI-H2O composites in figure 16c suggests a co-continuous 

structure is present, indicating the formation of SPI network in such composites.  
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CHAPTER 5 

DIELECTRIC ANALYSIS 

 Dielectric materials are ideal candidates for two main categories of applications: insulation 

and energy storage. Energy storage devices are vital for batteries used in electronic devices, power 

systems, hybrid electric vehicles, among other applications [114, 115]. Dielectric materials are 

materials that have the ability to store energy through the separation of charges, or dipoles, and the 

alignment of those charges through a process called dielectric polarization which is induced by an 

applied external electric field [116]. Polymer composites are good candidates for energy storage 

applications, incorporating the high dielectric permittivity of ceramic materials with the high 

breakdown field strength and relatively simple processability (thin films with large area) of 

polymers [116]. The real part of the dielectric constant (ε’) is a representation of the polarizability 

of the material, while the imaginary part of the dielectric constant (ε”) represents the dielectric 

loss, or energy lost as a result of thermal agitation and collisions caused by lattice vibrations [108]. 

Both ε’ and ε” are temperature-dependent and frequency-dependent, and commonly evaluated 

under alternating current (AC) conditions. In general, a higher ε’ indicates a better energy storage 

capability, but a high ε” is also expected, due to the stronger polarization orienting dipoles against 

random collisions by the electric field generating loss through thermal energy in the system [108]. 

A list of some common dielectric constants is given in table 7. 
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TABLE 7 

Dielectric constants (ε’) for common materials [117] 

Material Dielectric Constant (ε’) at RT 

Air [118] ~1.0 at STP 

Water [119] 80.2 (20°C) 

Boron Nitride 3.90-4.08 

Soybean [120] 1.8-2.0 

PTFE/Teflon [120] 2.0 

Polycarbonate 2.7-3.4 

Polystyrene 2.0-6.58 

Mica [121] 3.0-6.0 

Silicon dioxide 4.2 

Diamond 3.5-5.7 

 

For PEO/SPI composites, two main polarization mechanisms are present, both of which 

are reflected in ε’ and ε”: electronic polarization, which follows the Debye theory, and interfacial 

polarization. The Debye theory estimates the polarization caused by the orientation of permanent 

dipoles in a material, while interfacial polarization, or Maxwell-Wagner-Sillars theory involves 

the accumulation of charges at interfaces either in heterogeneous materials, or other interfaces such 

as grain boundaries, discontinuities, crystal defects, impurities, among others [122]. Electronic 

polarization following the Debye theory dominates at high frequencies, thus the changes in ε’ and 

ε” at low frequencies is characteristic of the heterogeneity of the composite materials for this study.  

 Capacitance (C) and impedance (X) data was collected following the procedure detailed in 

chapter 2. This data was then used to determine ε’ using the following relationship for an AC 

electric field: 

𝐶 = 휀0휀𝑟
𝐴

𝑑
          (5.1) 
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Where ε0 is the dielectric constant of free space (8.85 x 10-12 F/m), εr is the relative dielectric 

constant of the medium (in this case is synonymous with ε’), A is the area of contact between the 

electrode and the dielectric medium and d  is the thickness of the dielectric medium. In this case 

the dielectric medium is the PEO/SPI compression molded sample. Tan(δ) data was also obtained 

via LCR testing, which was ultimately used to determine ε” through the following relationship: 

 

  Tan(𝛿) =
𝜀”

𝜀′         (5.2) 

 

Where Tan(δ) is considered the dissipation factor, or loss factor, where δ is the loss angle. Selected 

testing results at room temperature are presented in Fig. 16. 

 

Figure 16. Dielectric constant (ε’) vs. frequency (Hz) at room temperature for PEO/SPI-H2O 

composites (a) and PEO/SPI-DMSO composites (b). Tan(δ) vs. frequency (Hz) at room 

temperature for PEO/SPI-H2O composites (c) and PEO/SPI-DMSO composites (d) 
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Figure 16 (continued) 
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Figure 16 (continued) 

5.1. Effects of PEO-SPI Interactions on Dielectric Properties 

As with rheological properties, PEO/SPI-H2O composites show different dielectric 

behavior than PEO/SPI-DMSO composites. Regardless of the solvent used, 1wt% SPI loading 

generated the highest ε’ and the highest tan(δ), with PEO/1wt%SPI-H2O composites producing 

the highest ε’ overall (figure 16a).  Since crystalline structures show no noticeable changes 

between pure PEO, PEO/SPI-H2O composites and PEO/SPI-DMSO composites, the increase is 

likely due to the addition of a small amount of SPI creating heterogeneity of the composites, i.e. 

interfacial polarization. This enhanced interfacial polarization is more prevalent in the 

PEO/1wt%SPI-H2O composite than in the PEO/1wt%SPI-DMSO composite. According to figures 

16 (a,b), SPI-PEO interactions created in H2O likely favor dipole motions more than SPI-PEO 

interactions created in DMSO. This is also reflected in figures 16 (c,d), where the dielectric loss 

factor is significantly higher in PEO/1wt%SPI-H2O composites, than in PEO/1wt%SPI-DMSO 
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composites. As previously discussed, dielectric loss is typically high in materials with a high ε’ 

due to high mobility of dipoles leading to higher loss through thermal energy.  

While both PEO/SPI-H2O composites and PEO/SPI-DMSO composites exhibit a 

concentration-dependent ε’, PEO/SPI-H2O composites with higher SPI loading create ε’ values 

that are still higher than that of pure PEO, with little difference between PEO/5wt%SPI-H2O 

composites and PEO/10wt%SPI-H2O composites. However, PEO/5wt%SPI-DMSO and 

PEO/10wt%SPI-DMSO composites produce ε’ values lower than that of pure PEO. The decrease 

in ε’ values at high SPI concentrations corresponds with the formation of SPI networks, as 

discussed in the previous chapter. Rheological analysis showed evidence of SPI network structures 

forming at 10wt% SPI loading in PEO/SPI-H2O composites, whereas SPI network structures start 

at just 5wt% SPI loading in PEO/SPI-DMSO composites. The SPI (DMSO) networks appear to be 

stronger than The SPI (H2O) composites, according to rheological analysis. These SPI network 

structures were related to the overall viscosity of the medium as well. SPI network structures 

appear to provide resistance to dipole motions, especially for PEO/SPI-DMSO composites, 

ultimately dulling the contributions of interfacial polarization due to material heterogeneity. This 

is a common phenomenon for dielectric materials, as dipoles are rotating in a viscous medium 

through interactions with nearby molecules, which are particularly strong in liquid and solid states, 

as both of these states have higher viscosity than the gaseous state. When the AC voltage is applied, 

dipoles cannot instantaneously respond, particularly in medium with higher viscosity [108]. The 

rheological analysis found that PEO/SPI composites with SPI networks produced a higher 

viscosity than those where the SPI network structures were not observed, indicating that these SPI 

network structures are able to restrict dipole motions, and thus creating a lower ε’ than PEO/SPI 

composites without SPI network structures, namely PEO/1wt%SPI composites.  
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Figure 17. ε’ vs. temperature for PEO/SPI-H2O (a) and PEO/SPI-DMSO (b)  composites 
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ranging from room temperature to 60°C, as Tg of PEO (100,000 g/mol) is -67°C and Tm of PEO is 

65°C. Both pure PEO and PEO/SPI-H2O composites showed an increasing ε’ with an increasing 

temperature, as shown in figure 17a. PEO/SPI-H2O composites exhibited similar behavior to that 

of ε’ at room temperature, where PEO/1wt%SPI-H2O produced the highest ε’ and pure PEO 

produced the lowest ε’. While the behavior of ε’ across increasing temperatures is similar to that 

of ε’ at room temperature for PEO/SPI-DMSO composites, as shown in figure 17, both 

PEO/5wt%SPI-DMSO and PEO/10wt%SPI-DMSO composites showed very little increase in ε’ 

as temperatures increased, unlike pure PEO and PEO/1wt%SPI-DMSO, both of which showed an 

increasing ε’ with increasing temperature. This behavior suggests the SPI network structures 

formed in PEO/5wt%SPI-DMSO and PEO/10wt%SPI-DMSO are thermally stable, as ε’ is 

minimally affected by temperatures close to Tm. Furthermore, ε’ begins increasing at higher 

temperatures for PEO/SPI-DMSO composites than for PEO/SPI-H2O composites, again indicating 

PEO-SPI (H2O) interactions favor dipole motions more than PEO-SPI(DMSO) interactions.  

5.2. Effects of SPI networks on Dielectric Properties 

Electric modulus is commonly used to study the true dielectric relaxation behaviors of a 

material while eliminating the contributions of electrode polarization [123]. It is expressed by the 

following:  

𝑀∗ =
1

𝜀∗
   (5.3) 

𝑀′ =
𝜀′

𝜀′2+𝜀"2
       (5.4) 

𝑀" =
𝜀"

𝜀′2+𝜀"2
       (5.5) 
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Where M* is the complex modulus, M’ is the real part of the electric modulus, and M” is the 

imaginary part of the electric modulus. Peaks in plots of M” vs. log frequency indicate a relaxation 

process [111], these plots for PEO/SPI composites are shown in Figure 18. Relaxation peaks could 

correspond to either Maxwell-Wagner-Sillars (MWS) relaxation or α-relaxation, depending upon 

the material system, and the frequencies and temperatures for which these peaks are observed. 

MWS relaxation is again related to the interfacial polarization, caused by boundaries between 

crystalline and amorphous regions or multiple crystalline regions, or the interfaces between 

additives and bulk polymer (in this case SPI and PEO) [111]. MWS relaxation is common for pure 

PEO at low frequencies and temperatures above Tg [124]. For these systems, the peaks shown in 

figure18 correspond with the α-relaxation, which is often observed at temperatures above Tg and 

at higher frequencies than MWS relaxation for pure PEO. α-relaxation is the segmental relaxation 

of PEO chains. Previous studies have found α-relaxation for pure PEO occurs within the frequency 

and temperature ranges tested within this study [124, 125].  
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Figure 18. M” vs. frequency plots at room temperature for PEO/SPI-H2O composites (a) and 

PEO/SPI-DMSO composites (b). M” vs. frequency plots at 60°C for PEO/SPI-H2O composites 

(c) and PEO/SPI-DMSO composites (d)
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Figure 18 (continued) 

As previously discussed, increased interfacial polarization is the likely cause for the 

increased ε’ observed in the previous section for PEO/1wt%SPI-H2O and PEO/1wt%SPI-DMSO 
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composites. This same phenomenon is the likely contribution to the positive shift in α-relaxation 

peaks in figure 18a, showing both PEO/1wt%SPI-H2O and PEO/1wt%SPI-DMSO composites 

produce a faster α-relaxation time, than that of pure PEO. This shift suggests that at room 

temperature, the increased interfacial polarization contributes to a faster α-relaxation time.  

The positive shift in the α-relaxation peak of PEO/1wt%SPI-H2O is greater than that of 

PEO/1wt%SPI-DMSO, again suggesting that PEO-SPI interaction created in H2O favor dipole 

motions more than those created in DMSO. This behavior is also observed with PEO/10wt%SPI 

composites (fig.18b), where the α-relaxation peak for the PEO/10wt%PEO-H2O composite shifted 

again to a faster relaxation time, while the PEO/10wt%SPI-DMSO composite’s α-relaxation peak 

shifted to a slower relaxation time. Again, this behavior suggests that PEO-SPI interactions created 

in H2O favor dipole motions more than PEO-SPI interactions created in DMSO. One possible 

reason for these improved PEO-SPI interactions is the static dielectric constants of the solvents. 

The static dielectric constant for water is about 80.1, while the static dielectric constant of DMSO 

is roughly 47, which is significantly lower than that of water [126].  

As temperatures increase to 60°C (fig.18c), which is just below Tm of pure PEO (~65°C), 

the shift in α-relaxation peaks between pure PEO and PEO/1wt%SPI composites is lessened. This 

is likely due to the increased mobility of the dipoles of both materials, thus naturally contributing 

to faster relaxation times. At 10wt%SPI concentration, both composites produce slower α-

relaxation times compared to that of pure PEO (fig.18d), despite the increased temperature. 

According to figures 18 (b,d), the α-relaxation peaks for both PEO/10wt%SPI-H2O and 

PEO/10wt%SPI-DMSO show very little variation between room temperature and 60°C, while pure 

PEO shows a clear shift to faster α-relaxation as the temperature is increased. According to 

rheological analysis, percolated network structures form at 10wt% SPI concentration for both H2O 
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and DMSO, while those network structures are stronger for PEO/10wt%SPI-DMSO composites 

compared to PEO/10wt%SPI-H2O composites. These network structures are likely causing 

resistance to dipole motions, thus restricting dipole movement within the composites. This 

restriction is a likely cause for the negative shift in α-relaxation peaks, with the largest negative 

shift caused by PEO/10wt%SPI-DMSO composites. These network structures and the resistance 

caused by them, is also the likely cause for little variation in α-relaxation peaks between room 

temperature and 60°C, as the network structures created are thermally stable.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

Protein/polymer composites are an important research area that could lead to understanding 

“greener” materials with potential in a range of applications. Due to this high interest in “green” 

materials, understanding protein/polymer interactions and behaviors of protein/polymer 

composites is vital to determine the potential for these materials. This study provided critical 

analysis of viscoelastic properties of protein/polymer composites.  

Polyethylene oxide (PEO)/soy protein isolate (SPI) composites subjected to different processes 

were studied. Viscoelastic properties were analyzed using both dynamic rheological methods and 

dielectric testing. All composites were analyzed with x-ray diffraction techniques in order to 

determine whether crystalline structures and total crystallinity varied depending upon the 

fabrication process and the SPI concentration of these composites. However, with composites at 

all concentrations from both material systems, no new diffraction peaks were observed, thus 

suggesting that crystalline structures did not significantly change during fabrication of PEO/SPI 

composites. Due to the lack of variation in crystalline structures and total crystallinity, the changes 

in dielectric data are likely due to the addition of SPI, and thus the increase of interfaces where 

charges can accumulate. This behavior was observed at low concentrations, contributing to an 

increase in dielectric constant, however the SPI network structures formed at high concentrations 

likely restrict the movement of dipoles, eliminating the enhancing effects of additional interfaces.   

PEO/SPI composites exhibited different behaviors based on the processes that SPI was 

subjected to, as well as the fabrication processes. Rheological analysis suggested SPI was capable 

of forming percolated network structures in PEO, however those structures were only formed in 
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composites that were made through a solution process. When PEO powder and 10wt%SPI powder 

were ball milled and compression molded, oscillation frequency tests showed that both storage 

(G’) and loss (G”) moduli were very similar to that of pure PEO. However, when SPI was 

denatured and mixed with PEO in H2O, rheological analysis showed that percolated network 

structures formed at 10wt% SPI loading. Further, when SPI was denatured and mixed with PEO 

in DMSO, evidence of percolated network structures such as weakened frequency dependence of 

G’ and G” in the terminal frequency range and G’ values that dominate G” values were observed 

at just 5wt% SPI loading, with evidence of even stronger SPI networks at 10wt% SPI loading. 

These network structures are observed in SEM images, which show uniform dispersion of SPI 

particles for PEO/10wt%SPI-H2O composites, whereas PEO/10wt%SPI-BM composites show 

SPI aggregates and non-uniform dispersion of SPI particles. Even at 50wt% SPI loading, ball 

milled PEO/SPI composites were not capable of forming SPI network structures, according to 

rheological data.  

Dielectric properties of PEO/SPI composites again varied upon the processes in which the 

composites were subjected to. PEO/1wt%SPI-H2O composites produced the highest dielectric 

constant of all PEO/SPI composites, with a significant increase in dielectric constant from that of 

pure PEO. The improved dielectric constant of PEO/1wt%SPI-H2O composites indicates the 

addition of SPI at low concentrations provides an increase in interfaces between SPI particles and 

the PEO matrix, ultimately contributing to interfacial polarization which creates an increase in 

dielectric constant. While PEO/1wt%SPI-DMSO composites also produced a higher dielectric 

constant than that of pure PEO, but this increase was significantly less than what was observed in 

PEO/1wt%SPI-H2O composites. This behavior implies that PEO-H2O interactions favor dipole 

motions more than PEO-DMSO interactions do. While both PEO/5wt%SPI-H2O and 
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PEO/10wt%SPI-H2O composites produced slightly improved dielectric constants from that of pure 

PEO, these improvements were significantly weaker than the PEO/1wt%SPI-H2O composite. 

However, PEO/5wt%SPI-DMSO and PEO/10wt%SPI-DMSO composites produced suppressed 

dielectric constants, lower than that of pure PEO, with little variation as temperature increased. 

The dielectric behavior observed supports the rheological analysis, as the percolated network 

structures observed in the rheological analysis of PEO/5wt%SPI-DMSO and PEO/10wt%SPI-

DMSO composites provided a significant resistance to dipole motions, ultimately limiting the 

effects of interfacial polarization. These strong network structures also contributed to slowed α-

relaxation peaks at 10wt% SPI loading, particularly for PEO/10wt%SPI-DMSO composites.  

6.2 Future Work 

The long-term goal of this study is to provide design guidance into protein/polymer 

composites, via acquiring knowledge of process-structure-property relationships of. This study 

revealed some of the distinct properties of PEO/SPI composite materials and identified that 

behaviors between PEO and soy protein can be changed when subjected to different processes. 

This study revealed the effects of these interactions on viscoelastic properties of PEO/SPI 

composites, however the overall effects on thermal and mechanical properties have been not 

studied, which will be essential research tasks in our future work.  

Thermal properties, such as glass transition temperature, melting temperature, crystallization, 

cure reactions, decompositions and other thermal transitions should be further investigated. 

Thermal properties are vital for polymeric materials, particularly thermoplastics, due to the major 

changes in properties as a function of temperature. Thermal analysis techniques include differential 

scanning calorimetry (DSC), thermogravimetric analysis (TGA) and thermomechanical analysis 

(TMA). DSC measures the difference in heat flow rate as a function of time and temperature of 
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the material under analysis in comparison to an inert reference. DSC provides data to determine 

both endothermic and exothermic events. TGA measures a material’s mass changes as an effect of 

increased, decreased or maintained temperature at a constant atmosphere. These mass loss changes 

are related to loss of volatile components, combustion or decompositions. TMA analyzes a 

material’s dimensional changes during heating or cooling, providing information such as 

coefficient of thermal expansion, which is vital to the interfaces in composite materials.  

Dynamic mechanical analysis (DMA) could also provide insight into mechanical properties of 

PEO/SPI composites as a function of temperature. Including tension, compression, three-point-

bending and shear tests in addition to creep and stress relaxation. Mechanical analysis of these 

composites is important to identify applications for PEO/SPI composites.  

This study focused mostly on oscillation frequency and oscillation amplitude tests, however 

further rheological analysis could be conducted. Oscillation frequency tests analyze viscoelastic 

properties over a range of frequencies while maintaining a constant strain rate, while oscillation 

amplitude, or strain sweep tests, analyze viscoelastic behavior over a range of strains. Rheological 

analysis can also include time and temperature dependent tests, including time and temperature 

sweeps. These tests provide viscoelastic behavior as a function of time, to understand creep 

behaviors and time-dependent relaxation behaviors such as stress relaxation (e.g. analysis of stress 

as a result of an applied constant strain). Temperature sweep tests are used to analyze the 

viscoelastic properties over a range of temperatures.  

Finally, a comparison between soy protein and other common plant proteins could expand the 

findings in this work. Analysis of materials systems involving proteins such as zein or wheat gluten 

subjected to the same processes studied in this work would not only support these findings, but 

also contribute to a greater potential for so-called “green” materials.  
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