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Abstract 

 

Novatein is the only commercial thermoplastic protein made from bloodmeal, a 

highly denatured protein and a readily available by-product of the meat processing 

industry. One of the major limitations of Novatein is its hydrophilic nature and loss 

of plasticizer during processing which leads to poor mechanical properties. To 

address these issues, Novatein has been blended with another biodegradable 

polymer with good mechanical properties, polylactic acid (PLA).   

 

Blending two components can lead to poor mechanical properties of the blend due 

to weak interfacial adhesion and thermodynamic incompatibility. These problems 

can be overcome with the use of a compatibilizer which helps to stabilize the 

interface by coalescence suppression of the dispersed domains. In this work, 

itaconic anhydride grafted PLA (PLA-g-IA) was chosen as a compatibilizer for 

Novatein-PLA blends because IA is extremely stable when reacted with proteins 

and less harmful compared to maleic anhydride.  

 

Reactive extrusion was used to blend different proportions of Novatein and PLA 

and the compatibilizing effects of itaconic anhydride was examined. Results 

showed that fewer agglomerated Novatein particles and less phase separation was 

visible in the presence of compatibilizer. At 50-50 Novatein/PLA, the absence of 

compatibilizer produced a dispersed morphology which caused the material to 

disintegrate in chloroform. Upon the addition of itaconic anhydride, the 50-50 blend 

stayed intact which was thought to be a result of co-continuous morphology. 

Incorporating 50 wt.% of PLA-g-IA improved the tensile strength of Novatein by 

42% and impact strength by 36%. The effect of compatibilizer was evident in wide-

angle x-ray scattering. Three phases were detected in the absence of compatibilizer: 

crystalline Novatein, amorphous Novatein, and amorphous PLA phases. With 

compatibilizer, the blend was moving toward two phases: crystalline Novatein, and 

an amorphous blend of Novatein and PLA. Itaconic anhydride grafted PLA 

improved miscibility between Novatein and PLA, which lead to the fabrication of 

Novatein-PLA foams. 
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Foaming Novatein is a new area of study which has never been investigated before. 

The foamability of a material depends on the ability of the material to withstand the 

stretching forces during bubble growth and hold the newly formed cellular 

structure. The low melt strength of Novatein, however, make it difficult to induce 

a cellular structure in the proteinous bioplastic. Therefore, the foaming ability of 

Novatein can be improved by blending with PLA, which can successfully be 

foamed using a batch process with carbon dioxide as the blowing agent. 

 

Various compositions of Novatein/PLA were batch foamed with and without 

compatibilizer. Results showed that pure Novatein cannot form a cellular structure 

at a foaming temperature of 80°C, however, in a blend with 50 wt.% PLA, micro 

cells formed with a higher cell density (8.44x1021 cells cm-3) and smaller cell sizes 

(3.36 µm) compared to pure PLA and blends with higher amounts of PLA. A further 

reduction in cell size and increase in cell density was observed upon the addition of 

compatibilizer due to the higher crystallinity of grafted PLA. The co-continuous 

morphology obtained upon the addition of compatibilizer led to the development of 

foams with more uniform cell sizes, which was stable for cell nucleation even at 

high temperatures.  
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1 Introduction 

The meat industry is New Zealand’s largest manufacturing industry and second 

largest goods exporter, generating $7 billion in export revenue in June 2017. Over 

one million tonnes of red meat and co-products are exported to over 120 countries 

around the world 1. Co-products play a crucial role in the industry’s business 

initiative of utilising and valorising all parts of a carcass in the best returning 

market. Exports of co-products accounted for NZ$1.46 billion in 2016/17, of which 

26% are hides and skins, 16% are edible offals and 11% are other products such as 

blood. Approximately 80,000 tonnes of blood is collected annually from New 

Zealand slaughterhouses 2 and processed into bloodmeal which is sold as low-value 

animal feed and fertilizer, or discarded as effluent. However, discarding directly 

into the environment causes animal blood to be a problematic by-product of the 

meat industry especially when produced at high volumes.  

 

Bloodmeal consists of at least 85% proteins and less than 10% moisture, this high 

source of protein and relatively low cost makes bloodmeal a good starting material 

for conversion to thermoplastics. The development of bio-based alternatives using 

proteins have arisen from environmental concerns regarding conventional plastics. 

Bioplastics have been produced from plant and animal proteins, including casein, 

whey, keratin, gelatine, corn, gluten, sunflower, soy and bloodmeal 3. Bloodmeal 

and water alone is incapable of forming an extrudable melt due to protein 

crosslinking induced by heat treatment, and therefore require additives such as 

sodium sulfite (SS), sodium dodecyl sulfite (SDS) and urea 4. SS disrupts chemical 

crosslinking by reducing disulfide bonds, and SDS disrupts hydrophobic 

interactions. Urea acts as a protein denaturant and interrupts the secondary structure 

such as beta sheets.  These additives can be combined with triethylene glycol (TEG) 

as plasticizer to produce Novatein Thermoplastic Protein 5, an effective 

thermoplastic which can be extruded and injection moulded. Novatein finds use in 

agricultural applications such as plant pots, weasand clips, and weed mat pegs 6. 

 

Novatein, however, has some limitations such as loss of water during processing 

and storage which leads to embrittlement and loss of functionality 7. A solution to 

these problems is blending Novatein with other polymers, which can improve the 

properties of Novatein for use in wider applications such as biopolymer foams. The 
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vast majority of commercial polymeric foams involves mainly polystyrene, 

polypropylene, polyvinylchloride (PVC), high-density and low-density 

polyethylene (HDPE, LDPE) and, to a more limited extent, polyethylene 

terephthalate (PET).  The production of biodegradable foams to be used as 

compostable packaging systems is challenging.  However, due to intense political 

and environmental pressures, the need for biodegradable foam materials is being 

realized.  Biodegradable polymers, such as polylactic acid (PLA), poly(ε-

caprolactone) (PCL), and thermoplastic starch 8 have recently been successfully 

processed into foams. PLA has enhanced mechanical properties comparable to 

petroleum-based polymers and good biocompatibility which makes PLA a popular 

candidate for biopolymer blends. Furthermore, PLA can be batch foamed using 

environmentally benign carbon dioxide and has mechanical and thermal properties 

similar to expanded polystyrene 9; 10.  

 

The advantage of batch processing when compared to continuous extrusion 

processing, is the possibility to prepare foams under free expansion conditions. 

During free expansion, the material does not experience extensional and/or shear 

stresses and the analysis of cell nucleation and growth is more rigorous.  The batch 

foaming system consists of a pressure vessel, where the temperature is kept constant 

by means of an oil bath or an electrical resistance. A blowing agent is introduced to 

the chamber at certain pressure conditions and, after complete solubilisation in the 

polymeric melt, the pressure is released at a controlled rate, producing a foamed 

material 11.  

 

This thesis is a Master of Philosophy (MPhil) with publication submitted as a 

fulfilment of the requirements set out at the University of Waikato. This thesis 

comprises of an introduction, which provides a contextual overview of the thesis, a 

literature review, two peer-reviewed journal articles, and a concluding discussion 

highlighting the overall contribution of the research. The journal publications are 

preceded by a summary page containing a short overview of how the chapter 

contributes to the overall thesis. All other publications which I have co-authored 

are listed in the appendices, including a copy of each contribution. These consist of 

a published book chapter, a full conference paper, and a list of conference 

participations. 
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The two peer-reviewed journal articles can be divided into two objectives, to assess 

the properties of a compatible blend between Novatein and PLA, and to produce a 

biopolymer foam under batch processing conditions, more specifically: 

 

Objective 1 

 

Compatibilization effects of Novatein/PLA blends 

 Grafting itaconic anhydride onto PLA using reactive extrusion for use as a 

compatibilizer with Novatein. 

 To determine the blend morphology, mechanical and thermal properties, 

and crystallinity of a blend between Novatein and PLA. 

 Conclusions as to whether itaconic anhydride was an effective 

compatibilizer for Novatein/PLA and its use in biopolymer foam blends. 

 

This objective led to the following publication: 

 

1. Walallavita, A. S., Verbeek, C. J. R.  Lay, M. C. (2018). Morphology and 

Mechanical Properties of Itaconic Anhydride Grafted Poly(lactic acid) and 

Thermoplastic Protein Blends. International Polymer Processing. Accepted 

for publication, in press. 

 

Objective 2 

 

Batch foaming Novatein/PLA blends using subcritical carbon dioxide 

 CO2 sorption and desorption experiments to determine how well the blend 

could retain the blowing agent. 

 To determine the effect of compatibilizer, foaming conditions, and 

crystallinity on Novatein/PLA foam cell structure and density. 

 Conclusions as to whether the foamability of Novatein could be improved 

by blending with PLA. 
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This objective led to the following publication: 

 

2. Walallavita, A. S., Verbeek, C. J. R.  Lay, M. C. (2018). Biopolymer 

Foams from Novatein Thermoplastic Protein and Poly(lactic acid). Applied 

Polymer Science. Volume 134, Issue 48, December 20 2017, DOI: 

10.1002/app.45561. 

 

Laboratory scale experiments were carried out at the University of Waikato and 

Scion. This research was funded by the Ministry of Business, Innovation and 

Employment and the Biopolymer Network.  
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2 Literature Review 

2.1 Biodegradable Polymers  

Polymeric materials have been widely accepted because of their ease of processability 

and amenability to provide a large variety of cost effective items that help enhance the 

comfort and quality of life in the modern industrial society 1.  Despite the convenience 

of plastics and polymeric materials in daily human life, their widespread utilization and 

waste disposal have had a serious negative impact on the environment due to their high 

volume to weight ratio and resistance to degradation.   

 

The current utilization of natural resources such as fossil fuel and oil are being 

subjected to prize fluctuations and will eventually be depleted.  Furthermore, 

combustion of fossil fuels are causing a rise in atmospheric carbon dioxide levels which 

increase global temperature, and in turn, may cause droughts and crop losses.  Fuel 

shortage and waste accumulation in the environment are generating a worldwide 

interest in alternative, renewable resources both as an energy source and as raw 

materials for the production of polymers and plastics.   

 

Natural polymers, or biopolymers, are produced in nature by living organisms through 

biosynthetic processes that involve carbon dioxide consumption.  Natural polymers are 

ultimately degraded and consumed in nature in a continuous recycling of resources.  

Other advantages of natural polymers include, biodegradability, renewability, 

recyclability, non-waste producing, neutrality on greenhouse effect and functionality. 

Biodegradability has been explored in agriculture to prevent the growth of weeds, 

excessive moisture loss and to alleviate recyclability problems, i.e. agricultural film 

should last as long as necessary and then disintegrate under UV irradiation and/or under 

the influence of microorganisms 2. 

 

The sustainable supply and biodegradability of natural polymers such as starch, 

cellulose and proteins, have made them more favourable over synthetic plastics due to 

rising economic and environmental concerns.  By-products or wastes from the 

agricultural and horticultural industries contain proteins.  As a result, plant proteins 
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(corn, soy, sunflower, wheat gluten) and animal proteins (casein, gelatine, keratin and 

whey) have been manufactured into plastics 3-9.   

 

2.1.1 Proteins 

 

Proteins can contain up to 20 

different amino acid monomers 

forming a polypeptide chain 11.  The 

repeating amino acid contains one 

nitrogen and two carbon atoms, 

differing only in their functional side 

groups.  Figure 1 shows hydrophobic 

interactions and hydrogen bonding 

between amino acid functional 

groups stabilizing the protein and 

allowing it to fold into secondary, 

tertiary and quaternary structures.  

Once folded, the structure may be 

stabilized further with covalent cross-

links 10.  The final properties of the 

polymer, such as hydrophobicity, 

cross-link density, rigidity and 

proportion of various secondary 

structures, is determined by the sequence of amino acids. 

 

A protein-based material could be defined as a three-dimensional macromolecular 

network, stabilized and strengthened by hydrophobic interactions, disulfide bonds and 

hydrogen bonds 12.  Some proteins must unfold and realign before a new three-

dimensional network can be formed and stabilized by new inter- and intra-molecular 

interactions 5; 13-15.  In order to produce protein-based bioplastics, denaturation induced 

by thermal or chemical means must be applied 13.  The denaturation temperature of 

proteins depends on the amino acid sequence, chemical additives used and processing 

 

Figure 1: Hydrophobic interactions and 

hydrogen bonding in protein chains 

(Reproduced with permission from Verbeek et 

al. 2010) 10. 
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method employed 13.  A large variety of biodegradable materials with various 

functional properties can be produced from proteins due to their unique structure 16.  

 

2.2 Bloodmeal-based Thermoplastic 

 

The New Zealand red meat sector generates nearly NZ$8 billion annually in export 

earnings and is a principal driver of New Zealand’s economy and identity 17.  Blood is 

a by-product of the meat industry and, for environmental and economic reasons, blood 

is dried to low-value blood meal and typically sold as animal feed or fertilizer 18; 19.  

Blood-meal contains at least 86 wt. % protein and less than 10 wt. % moisture 20.   

 

Bloodmeal bioplastics is an alternative to synthetic polymers and offer a sustainable 

option over raw material competing with food sources 21.  Chemical additives are 

required in order for bloodmeal to be processed via extrusion and injection moulding.  

These have the ability to break covalent cross-links, intermolecular and intramolecular 

forces such as hydrophobic and hydrogen bonding, as well as to plasticize the protein 

chains 19; 22.  A material’s final properties is influenced by molecular organization and 

structural characteristics of polymers 5; 22.  Chain alignment and inter/intra-molecular 

interactions are affected by the combination of heat, pressure, shear and chemical 

additives. 

 

2.2.1 Novatein Thermoplastic Protein  

Protein processing is difficult using conventional equipment such as extruders and 

injection moulders without disrupting strong inter- and intra-molecular interactions.  

Sufficient amounts of water and plasticizers are required to ensure processability.  

Previous studies have shown that bloodmeal can be successfully converted into a 

bioplastic by mixing with sodium sulfite (SS), sodium dodecyl sulfite (SDS), urea, tri-

ethylene glycol (TEG) and water 18; 19; 21-28.  This material is known as Novatein® 

Thermoplastic Protein 29.  Novatein is commonly used in agricultural and horticultural 

applications such as biodegradable plant pots, seedling trays, containers, pegs and vine 

clips 24, and more recently, Novatein has uses in abattoirs as weasand clips.  
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Prior to processing, bloodmeal must be treated with a combination of water, a protein 

denaturant (urea), a reducing agent (sodium sulfite, SS), and surfactant (sodium 

dodecyl sulfite, SDS) 19.  Without them, processing temperature will need to be raised 

which can lead to thermal degradation of the protein.  In conjunction with these 

additives, water can be used to actively reduce the softening temperature to below the 

onset of thermal degradation, as well as acting as a plasticizer for protein 10; 19; 30; 31. 

 

After conditioning, Novatein has mechanical properties ranging between 7 and 27.4 

MPa, Young’s modulus between 0.5 and 1.5 GPa, and elongation at break between 1.4 

and 12.1% 25. Novatein is plasticized with triethylene glycol (TEG). Amphiphilic 

plasticizers containing both polar and non-polar regions such as TEG have been shown 

to be more efficient plasticizers than polar molecules when compared to a molar or 

hydrogen bonding capability basis 30; 31.  Without TEG, Novatein has high tensile stress 

(15.6 MPa) and high Young’s modulus (1.8 GPa) but these samples were very brittle 

and had low toughness (0.1 MPa) 30. Higher plasticizer content reduced strength, but 

increased chain mobility which allowed for some chain rearrangements in response to 

the applied force. Other studies have shown that the mechanical properties of Novatein 

can be improved with the addition of core-shell particles 32, or by blending with other 

polymers 21; 33; 34.  

 

2.3 Polymer Blends 

 

Polymer blends constitute almost one third of the total polymer consumption and their 

global demand is continuing to grow. Polymer blends offers material and manufacturer 

benefits such as: 

 Producing materials with a full set of desired properties at the lowest price 

 Tailoring to improve specific properties, i.e. impact strength 

 Product uniformity, improved processability, scrap reduction 

 High productivity and quick formulation changes 

The concept of physically blending two or more existing polymers to obtain new 

products or, to improve the properties of the starting materials, is attracting widespread 
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attention and commercial utilization. The successful implementation of this concept 

requires new techniques and understanding which can be used to develop novel 

polymers with enhanced properties.  

 

Blending constituent existing polymers is always more cost effective than designing 

new polymers with special properties by chemical synthesis. A material blend with 

optimal properties for a specific application can be produced by careful selection and 

combination of polymeric components in a certain ratio. A remarkable broad spectrum 

of properties can be achieved by blending, mainly, processability, mechanical strength 

and stiffness, toughness, heat distortion temperature, elongation, permeability, 

chemical and weathering resistance, and thermal/dimensional stability. As a result, 

polymer blends find applications in numerous fields such as electrical, electronic, 

automotive industries, computer and business housings, and medical components. 

Annually, about 4,900 patents related to polymer blends are published worldwide 2. 

The intensified technological interest in polymer blends over the past three decades has 

led to the study of processing-morphology-property relations to become a topic of 

major scientific interest. 

 

2.3.1 Miscibility and Compatibility 

A fundamental question, which firstly needs to be addressed about any blend system is 

of course, if the blend is miscible or not. Chemically dissimilar polymer mixtures can 

be divided on the basis of their components being miscible, partially miscible, or fully 

immiscible (Figure 2). Mixing two polymers usually results in coarse, easy to alter 

morphology with large domains and poor adhesion, this is known as an immiscible 

system. Mechanical properties such as strain at break, impact strength, and yield 

strength are also affected, and the blend morphology is unstable and irreproducible. 

Understanding the role of the interface, the region between the two phases, is important 

in order to control the degree of dispersion, adhesion between the phases, and 

stabilising the morphology. 
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Figure 2: Typical polymer blend classification 35. 

 

Surface tension is the reversible work required to create a unit surface area at constant 

pressure, P, temperature, T, and composition, n. The surface tension coefficient, vi, of 

the substance, i, is given by the Equation 1 2:  

 

𝑣𝑖 = (
𝜕𝐺

𝛿𝐴
) 𝑇,𝑃,𝑛         [1] 

 

where G is the Gibbs free energy and A is the surface area. In immiscible liquids, the 

physical boundary at the interface is where interactions between components takes 

place. The work of adhesion, W, is the energy required to reversibly separate the two 

liquids, given by Equation 2: 

 

𝑊 = 𝑣1 + 𝑣2 + 𝑣12         [2] 

 

where v1 and v2 are surface tension coefficients of the neat components and v12 is the 

interfacial tension coefficient between the liquids 1 and 2.  

 

It is seldom possible to mix two or more polymers and create a blend with useful 

properties. When two immiscible polymers are blended without compatibilization, the 

mixture obtained generally has physical properties worse than those of the individual 

polymer. It is therefore necessary when preparing a new polymer from immiscible 

resins to devise a specific strategy for compatibilizing the mixture to obtain long term 

stability and optimum physical performance. Compatibilization has three aspects: 

1. Reducing interfacial tension and thus allowing fine dispersion. 
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2. Stabilizing morphology against destructive processing techniques which 

require high stress and strain (i.e. during injection moulding). 

3. Improving adhesion between phases which facilitates stress transfer and 

thereby improving mechanical properties. 

 

Thermoplastics go through intensive mixing and melt extrusion, and if the blend is 

immiscible, the morphology on a microscopic scale would often consist of dispersed 

droplets of the more viscous polymer in a continuous matrix of the less viscous 

polymer. This is also dependent on the viscosities and relative amounts of the two 

polymers in the blend. Generally, the more viscous polymer will form the dispersed 

phase even at concentrations above 50 vol.%. Morphology stabilization is important 

otherwise the dispersed phase may coalescence during heat and/or stress treatment. 

Coalescence can result in delamination, brittleness and poor surface appearance in the 

moulded part. 

 

Common compatibilization strategies include: 

 Adding block, graft, or cross-linked copolymer of two or more separate 

polymers. 

 Or to form copolymers through ionic or covalent bonds in-situ during a reactive 

compatibilization step. 

 

The copolymer resides in the interface between the dispersed and matrix phases, acting 

as an emulsifying agent, preventing the dispersed particles from coalescing and 

providing interfacial adhesion. Morphology stabilization can be achieved with 

immiscible polymer blends with as little as 0.5 – 2.0 wt.% copolymer.  However, more 

frequently, higher amounts such as 10 – 20 wt.% copolymer is necessary to obtain 

optimal physical properties such as impact strength.    

 

2.3.2 Gibbs Free Energy of Mixing 

To understand the thermodynamics of miscibility and discuss the phase diagram of 

polymer blends, the Flory-Huggins equation is widely used.  
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∆𝐺𝑀

𝑅𝑇(
𝑉

𝑉𝑟
)

=
∅1

𝑟1
𝑙𝑛∅1 +

∅2

𝑟2
𝑙𝑛∅2 + ∅1∅2𝜒12  [3] 

 

where ∆𝐺𝑀 is the Gibbs free energy of mixing, 𝑅 is the gas constant, 𝑉 and 𝑉𝑟 are the 

total and reference volumes, respectively. The combinatorial entropy of mixing is given 

by the first two terms on the right side of the equation, where ∅𝑖 is the volume fraction 

and 𝑟𝑖 is the segment number of a polymer chain of component i. 𝜒12 is the interaction 

parameter which takes into account all contributions to the free energy not denoted by 

the combinatorial entropy. In polymer blends, miscibility is improved if ∆𝐺𝑀 decreases 

as 𝜒12 becomes smaller. Therefore, if there are favourable interactions between pairs 

of dissimilar polymers, a negative contribution for ∆𝐺𝑀 means the polymers are 

miscible 2. 

 

There are several categories that can be used to classify miscible polymer blends. A 

blend that tends to phase separate at high temperatures is classified as a lower critical 

solution temperature (LCST), and one that separates at lower temperatures is termed 

an upper critical solution temperature (UCST). Some polymer pairs are completely 

miscible and they have both LCST and UCST characteristics. Figure 3 shows the phase 

diagrams of a binary blend having LCST- and UCST-type phase behaviour, 

respectively. The boundary between the one-phase and two-phase regions in the 

equilibrium state is denoted by the solid “binodal line”. The dashed “spinodal line” is 

when the second derivative of the Gibbs free energy of mixing by compositions is equal 

to zero, i.e. 
𝜕2∆𝐺

𝜕∅2 = 0. The style of phase separation in a mixture can be divided into 

nucleation and growth (NG) type and spinodal decomposition (SG) type. The 

metastable region on the phase diagram between the spinodal and binodal lines is where 

phase separation by NG takes place. SD occurs in the unstable region framed by the 

spinodal lines, i.e. 
𝜕2∆𝐺

𝜕∅2 < 0.  
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Figure 3: LCST- and UCST-type phase diagrams 2. 

 

2.3.3 Protein-based Polymer Blends 

Polymer blending is a cost-effective method for improving the properties of one or both 

of the components. Natural polymers such as starch and soy protein have been blended 

with other biodegradable polymers such as PLA for the purpose of cost reduction and 

improving degradation rate of the composites. However, PLA and soy protein for 

example are thermodynamically immiscible due to their large differences in 

hydrophilicities. Therefore, grafted copolymers or interfacial modifiers containing 

reactive functional groups which are able to generate in situ formed blocks are used to 
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improve compatibilization. Poly(2-ethyl-2-oxazoline) (PEOX) is considered to be a 

broadly compatible polymeric solvent or compatibilizing agent for many polymer 

blends. PEOX has good affinity with soy protein, resulting in fine phase morphology 

and substantially improved mechanical properties 36. Polymeric methylene diphenyl 

diisocyanate (pMDI) is also a widely used compatibilizer in natural polymer and PLA 

blends 37. MDI is highly reactive and can form urethane linkages with hydroxyl and 

carboxylic groups. Tensile strength of PLA/starch composites improved from 36.0 to 

66.7 MPa when 0.5 wt.% pMDI was added 38. Ku-marsilla et. al. 34 prepared blends of 

polybutylene succinate (PBS) with 50 wt.% Novatein thermoplastic protein using 

PEOX and pMDI as compatibilizers. Adding PEOX during Novatein production 

improved tensile strength and energy to break. This was due to PEOX improving 

dispersion of Novatein, and pMDI strengthening adhesion between PBS and Novatein. 

Resulting morphologies was fine and well dispersed, with virtually no phase 

separation.  

 

However, pMDI does have some limitations especially in food packaging applications 

because of its environmentally hazardous nature. This has led to the discovery of a 

more promising interfacial modification route for binary immiscible blends. This route 

involves grafting a reactive moiety, such as maleic anhydride (MA), onto the polymer 

matrix, causing a reaction between the moiety and the polymer. Maleic anhydride has 

been used to graft onto polyethylene (PE-g-MAH) and blended with Novatein 21. 

Compatibility between Novatein and PLA was improved when grafted with MA, and 

tensile strength never dropped below that of neat Novatein. MA has also been grafted 

onto PLA (PLA-g-MA) and blended with starch 39; 40, talc 41, silicate 42, and soy protein 

concentrate (SPC) 37. Zhu et al. 37 found that when 4 phr compatibilizer was added to 

PLA/SPC blends, tensile strength increased by 19% due to good interfacial adhesion 

between the components. Addition of 5 phr PLA-g-MA to wheat-straw based 

composites resulted in a 20% increase in tensile strength and 14% increase in flexural 

strength 43.    

 

Although MA grafted polymers have shown great importance as compatibilizers, their 

reaction with proteins can result in unstable amide bonds which can easily be 

hydrolysed. Grafting MA onto polyolefins is an established technique, however, MA 
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grafted onto PLA is not commercially available. Therefore, an alternative to MA is the 

chemically similar moiety, itaconic anhydride (IA). IA is less harmful compared to MA 

and a very reactive monomer in free radical grafting as it can produce tertiary radicals. 

IA is extremely stable when reacted with proteins as it can be used for acetylating 

lysine, cysteine, and tyrosine 44. IA has been successfully grafted onto polyethylene 

with a high degree of grafting 45. IA has been used as a renewable monomer for the 

synthesis of bio-based PLA-graft copolymers via conventional copolymerisation 46, 

and blending with proteins can lead to a 100% bio-derived blend.   

 

2.4 Polymeric Foams 

 

Polymeric foams have gained interest since World War II, and has become a very 

important part of our everyday life.  The industry is growing rapidly due to the 

beneficial characteristics of polymeric foam, including light weight, sound absorption 

properties, and influence on material savings.  Uses include seat cushioning, thermal 

insulation and protective packaging.  The polymeric foam industry has become quite 

diversified due to the unique properties, processes and technologies that are constantly 

developed to explore new application opportunities.  The manufacturing process 

involves scientific principles and engineering parameters which makes foaming itself 

a dynamic and complex phenomenon 47. 

 

The material (foam) and the phenomenon (foaming) both involve the presence of a gas 

phase encapsulated by a dense, spherical shell phase.  In nature, cork, wood and pumice 

are good examples of this type of product.  In many ways, whether known or unknown, 

foam impacts almost every aspect of human life.  For example, rice grains expand in 

water when heated and renders the grain edible; and gas is generated in flour through 

yeast.  Both rice and flour possess a cellular structure that has been compatible with 

our digestive tissue as food for thousands of years.  Another example is a sponge that 

has an open cell structure and is useful in absorbing and desorbing liquids.   

 

The porous structures in foams can be perceived as gaseous voids surrounded by a 

dense gas-solid phase.  Gases and solids have a drastic difference in nature which gives 



 

19 

a unique combination to foams with special properties for certain applications.  For 

example, the presence of a cellular structure can regulate flow velocity, dissipate 

disturbance, and enlarge mass transfer area 47. Polymeric foams can be viewed from 

different perspectives, as presented in Table 1 48; 49.   

 

Table 1:  Foaming perspectives. 

Perspective Terminology 

Material 

Mechanism 

Nature 

Structure 

Cell Size 

Density 

Dimension 

Thermoplastic and Thermoset 

Soluble Foaming and Reactive Foaming 

Flexible and Rigid 

Closed Cell and Open Cell 

Microcellular and Cellular 

High Density and Low Density 

Board and Thin Sheet 

 

2.4.1 Thermoset and Thermoplastic Foams 

Since the 1940s and 1950s, two types of foams have been developed which are now 

solid drivers for the foam industry.  One was thermoset foams such as polyurethane 

(PU); the other was thermoplastic foams such as polystyrene (PS), polyvinylchloride 

(PVC) and polyolefin.  When multifunctional monomers were introduced for reaction, 

instead of a 2D linear structure, a 3D matrix was built up.  This is known as a thermoset 

polymer and has different heat processing properties in comparison to thermoplastic 

polymers.  Thermoplastics possess thermo-reversible morphology, whereas thermosets 

are no longer re-processible once set 50.   

 

Design challenges are different in nature for thermoset foam in comparison with 

thermoplastic foam.  The challenge in the former lay in the chemical reaction, and for 

the latter in physical mixing.  Thermosets require high pressure from gas generation 

and thermoplastics also require high pressure to supress the gas in the polymer. 

  

Thermoset foams can further be divided into two branches: soft foam and rigid foam.  

Two completely different products which arose from the same raw materials in 

different morphological structures.  PU foam has become the dominant thermoset foam 



 

20 

in a wide range of markets including automotive, furniture, packaging, construction, 

recreation and transportation 50. 

 

Thermoplastic foams took off after WWII due to their valuable use as floating docks.  

Thermoplastic polymers have a processing and material uniqueness characterised by 

their viscoelastic nature.  Their expanded cellular structure shows interesting properties 

which allow them to be classified as foamable materials.  However, not every polymer 

is a good candidate to foam.  Lee and Ramesh 47 suggested the following must be taken 

into consideration in order for a polymeric material to foam: 

i. Processing window 

ii. Compatibility with gas 

iii. Capability to hold dynamic foaming 

iv. Stability during gas replacement by air 

 

Polyolefin is a classic example of thermoplastic foams which can be extruded, injection 

moulded and cross-linked.  Thermoplastic foams serve the public through mass 

production (e.g. cups, trays), as well as high quality products (e.g. cross-linked PE 

foam) with good insulation properties 50.     

 

2.4.2 Foaming Technologies 

 

A foam is produced when a plethora of bubbles join together in a polymer matrix to 

form a cellular structure.  Gas molecules are able to dwell in the holes and micro-spaces 

that exist between polymer backbones.  Foaming usually occurs when enough gas 

molecules are clustered to reach the thermodynamic instability threshold, which is then 

followed by unstable bubble nucleation and growth.  The threshold is known as the 

critical bubble radius.  Once the critical bubble radius is reached, energy is dissipated 

with bubble growth until another equilibrium is reached, or until there is enough 

resistance to stop the growth 50. A summary of foaming technology is given in Table 2 

47. 
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Table 2:  General technologies used to make polymeric foams. 

Technology Polymers Applications 

Reactive foaming PU, Phenolics Construction, automotive, sports, toy, 

furniture, packaging 

Extrusion PS, PVC, PE, PP, PET Food, construction, decoration, packaging, 

medical 

Injection moulding PS, PE, PP Automotive 

Mould bead PS, PP, X-PE Food, packaging, thermoforming 

Cross-linked PE PE Sports, thermoforming 

Batch Foaming PS, PLA, PCL Scaffolds in tissue engineering 

   

Once foamed, the polymer’s structure, morphology and properties are altered.  The 

gaseous voids dispersed in the polymer matrix makes it appealing and valuable to many 

aspects of industry.  Its lighter density has lent itself to commercial floatation since the 

1940s.  Its cellular structure is ideal for insulation, which is a substantial business.  

When the cell wall possesses enough elasticity, it can be used in the athletic and 

furniture industries.  Not to mention the various other industries, automotive, medical, 

packaging, that are also enhanced by the use of polymeric foams 47.   

 

2.4.3 Foaming Methodologies 

There are two major foaming methodologies in the polymeric foam industry: 

1. Physical foaming, also known as soluble foaming  

2. Chemical foaming, also known as reactive foaming  

The former involves physical variation in polymer states, and the latter is solely 

dependent on chemical reaction.  In other words, physical foaming involves the mixing 

of a blowing agent with the polymer in a chamber to promote gas vaporization while 

reducing pressure, and chemical foaming involves blending reactants in reactive 

conditions leading to gas evolution within a dense medium.  Both methods share the 

common foundation of gas implementation, gas evolution, and foam stabilization 47.  

 

Solubility, in soluble foaming, is usually dictated by the surrounding pressure.  A 

pressure that is too low may not generate enough superheat for proper foaming, and a 

pressure that is too high causes processor concerns.  Polystyrene, polyvinylchloride, 

and polyolefin are common foam materials that correspond to soluble foaming 
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principles.  Each has unique processing and product features, which are summarized in 

Table 3 47. 

 

Table 3:  Common thermoplastic foams with soluble foaming principles. 

 Polystyrene Polyvinylchloride Polyolefin 

Polymer Amorphous Amorphous Semi-crystalline 

Processing Extrusion 

Injection Moulding 

Mould Bead 

Extrusion 

Injection Moulding 

Extrusion 

Injection Moulding 

Mould Bead 

Cross-linking 

Product Properties Rigid 

Used in Insulation 

Flexible and Rigid 

Fire Retardancy 

Low Temp Stability 

Soft to Rigid 

Chemical Resistance 

Low Temp Stability 

 

Reactive foaming, on the other hand, characterizes materials using reaction kinetics.  

Reactions that generate gases and form long chain polymers must occur at the right 

time otherwise transient bubbling or limited expansion will occur.  In order to obtain 

the correct reaction time and desired foam property, appropriate functional groups and 

their ratios with catalysts and surfactants should be controlled.  The exothermic nature 

can easily develop extra heat for additional expansion of the formed gas, but it also 

makes stability hard to control 51. 

 

2.4.4 Foaming Mechanisms 

Production of foamed polymers includes three stages that occur within the polymer: 

gas implementation, gas evolution, and polymer stabilization.  Different mechanisms 

and parameters occur and sometimes overlap in different stages.  Processing 

parameters and their effects in different stages of foaming is illustrated in Table 4 47. 
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Table 4:  Effects of processing parameters in different stages of foaming. 

 Implementation Expansion Stabilization 

Temperature 

Solubility ↑ 

Viscosity ↓ 

Reactivity ↑ 

Diffusivity ↑ 

Volatility ↑ 

Surface Tension ↓ 

Viscosity ↓ 

Solidification ↓ 

Permeability ↑ 

Pressure 

Solubility ↑ 

Viscosity − 

Homogenization ↑ 

Shear Heat ↑ 

Surface Tension − 

Nucleation ↑ 

Solidification − 

Shear 

Solubility − 

Dissolution ↑ 

Dispersion ↑ 

Nucleation ↑ 

Growth ↑ 

Cell Distribution ↑ 

Solidification ↓ 

 

 Where  ↑ = increases  ↓ = decreases  − = remains constant  

 

2.4.5 Fundamentals of Bubble Nucleation and Growth in Polymers 

The need to develop better control of foaming operations is realized due to the banning 

of chlorofluorocarbons (CFCs) in the early 1980s, along with the need for health, safety 

and environmental considerations from the foam industry.  In order to control the 

foaming process effectively, bubble nucleation and bubble growth during foam 

expansion must be understood 47. 

 

2.4.5.1 Bubble Nucleation 

In order for polymeric materials to foam, bubbles must first nucleate and grow within 

the molten or plasticized viscoelastic material.  The initial nucleation is induced by a 

change in thermodynamic conditions, such as temperature and/or pressure.  During this 

stage a second phase is generated from the metastable polymer/gas homogeneous 

mixture.  Subsequently, the increase of viscosity during cooling and reduction of 

plasticization must cause the structure to set.  Finally, solidification of the continuous 

phase occurs 1.  

 

Foam nucleation is different for different systems and foaming mechanisms are quite 

complex.  It is difficult to monitor the initial birth of cell formation in polymers and 
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liquids since the size of potential nuclei are very small, on the order of nanometres or 

angstroms in scale.  Nucleation occurs in a fraction of a second, making it difficult for 

foam scientists to capture in real life 47. Table 5 shows various nucleation types and 

mechanisms 52-62. 

Table 5:  Nucleating types and mechanisms 47. 

 

Various nucleation mechanisms depend on energy levels involved in the systems.  In 

order to generate bubbles in a liquid or solid, the free energy of the system must 

increase.  This increase is utilized to create new surfaces through the formation of tiny 

bubbles.  A reversible thermodynamic process giving rise to the birth of a gas bubble 

in a polymer has an excess free energy associated with it, known as Gibbs free energy 

(∆G).  This can be expressed mathematically as shown in Equation 4. 

 

∆𝐺 =  −𝑉𝑏∆𝐺𝑣 + 𝐴𝜎           [4] 

 

where  

Vb  = Volume of bubble nucleus 

∆Gv  = Difference between the gas and polymer phases of the standard     

Gibbs free energy per unit volume 

σ  = Surface tension of the liquid or polymer 

A  = Interfacial area 

V  = Volume of the bubble 

Subscript b = Bubble 
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Thus, using surfactants to lower the surface tension will assist in the formation of 

bubbles.  Nucleating agents such as diatomaceous earth, talc, and silica are more 

effective because they offer voids at the interface 47.   

 

Interestingly, in the 1930s it was Einstein 63 that proposed the probability of nucleation 

being directly proportional to an exponential function, exp (−
𝑊∗

𝑘𝑇
), where W* is the 

minimum work required to make the system unstable and to generate a large number 

of bubbles in a continuous phase. 

 

The steady and transient roles of nucleation are given as 

𝐽𝑠 = 𝑍𝛽∗𝑁𝑒𝑥𝑝 (−
∆𝐺∗

𝑘𝑇
)          [5] 

       𝐽(𝑡) = 𝐽𝑠 𝑒𝑥𝑝 (−
𝑡

𝜏
)                         [6] 

where  

J = Nucleation rate (nuclei/cm-s) 

Subscript s = Steady state 

t = Transient state 

Z = Zeldovich non-equilibrium factor (≈10-2) 

β* = Rate at which gas molecules are added to the critical nucleus  

N = Number of nucleation sites per unit volume 

∆G* = Gibbs free energy of forming a critical nucleus 

k = Boltzmann’s constant  

T = Absolute temperature 

τ = Induction period for establishing steady-state nucleation  

 

The type of nucleating systems and processing conditions can cause all of these 

variables to change, therefore, they must be carefully evaluated on an individual basis 

to fit real-life applications 47. 

 

The Gibbs free energy of the system must exceed the mechanical work needed, in order 

for bubbles to nucleate.  Mathematically, this is expressed as: 

            ∆𝐺 >
3∙𝜎

𝜌∙𝑟
           [7] 
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where 

 σ = surface tension 

 r = bubble nucleation radius 

 ρ = gas density 

 

Surface tension is regulated with the use of silicone surfactants which have the ability 

to control cell count or size.  In the cases of low density foams, below 30 kg/m3, 

surfactants are able to produce open cells to maintain dimensional stability upon 

cooling to ambient temperature 47. 

 

2.4.5.2 Bubble Growth 

Following cell nucleation, bubbles grow due to the diffusion of excess gas in the 

polymer.  The foam growth process is controlled by variables such as polymer 

viscosity, gas concentration, foaming temperature, amount of nucleating agent and its 

nature.  Foaming is highly preferred in the molten state, or above its glass transition 

temperature, Tg.  Temperature needs to be reduced to solid state to hold the gaseous 

bubbles, essentially eliminating surface tension.  Under certain circumstances, the 

bubble grows to exceed the material limit causing cell rupture and leads to the 

formation of open cells 50.  The degree of gas supersaturation when pressure is suddenly 

reduced governs the formation of a gas bubble.  Its growth is kinetically governed by 

the diffusion from the polymer/gas solution to the gas phase and by viscoelastic forces 

around the expanding bubble.  This expansion dynamic of polymeric foam is complex 

and has been scrutinized by foam scientists and engineers for the past 90 years 47.  If 

bubble nucleation and growth rates are controlled, the foam morphology (number and 

size of cells) can be optimised, and as consequence, the performances of the cellular 

structure 1. 

 

2.4.5.3 Homogeneous Nucleation 

When a second phase (e.g. gas bubble) forms in a primary phase (e.g. molten polymer) 

this is known as homogeneous nucleation.  In order for homogeneous nucleation to 

occur, a sufficient number of gas molecules need to form clusters for a long enough 
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time to make a critical bubble radius to cross over the resistance path, as shown in 

Figure 4. 

 

 

Figure 4:  Homogeneous bubble nucleation 47. 

 

Nucleation arises due to thermodynamic instability.  Figure 5A shows a single phase 

containing a molten polymer saturated with gas at a certain pressure.  Figure 5B shows 

the formation of a second gas phase when the pressure is reduced from Po to Ps 
47. 

 

 

Figure 5:  Typical nucleation process. To = temperature, Po = initial pressure (higher 

than surrounding pressure), Ps = final pressure or surrounding atmospheric pressure 47. 

 

New surfaces with certain volumes must be created in order to form bubbles.  Simple 

mathematical expressions can be derived from thermodynamic principles given the 

assumption that embryos are spherical in size.  For homogeneous nucleation, Equation 

2 can be rewritten to express Gibbs free energy as shown in Equation 8 57. 
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∆𝐺 =  −
4

3
𝜋𝑟3 ∙ ∆𝑃 + 4𝜋𝑟2𝜎           [8] 

where 

 r = Bubble radius 

 ∆P = Pressure drop 

 σ = Surface tension of the polymer matrix 

 

The maximum value of ∆G, denoted as ∆G*, occurs at a critical size, r*, or when there 

are a critical number of gas molecules in the embryo, and represents the free energy of 

formation of the critical nucleus.  Differentiating the free energy term and making it 

equal to zero gives  

∂∆𝐺

∂r
= 0              [9] 

 

which gives an expression for critical radius, r*: 

𝑟∗ =
2𝜎

∆𝑃
                         [10] 

 

A nucleus with a spherical shape is assumed because this represents minimum 

resistance to nucleation for a given volume.  This assumption is reasonable but, in 

polymeric systems, non-spherical geometries might be encountered.  The activation 

free energy for homogenous nucleation of a critical nucleus is derived as 

∆𝐺ℎ𝑜𝑚𝑜
∗ =

16𝜋𝜎3

3∆𝑃2                 [11] 

where 

 σ = surface tension of the polymer 

 ∆P = saturation pressure given by Psat - Ps    

 

For a batch microcellular process system, Psat is the gas saturation pressure and Ps is 

the surrounding pressure at which nucleation occurs.  Usually Ps is equal to atmospheric 

pressure 47. 

 

It should be noted that gaseous foaming agents often soften the polymer, causing an 

increase or decrease in surface tension of the polymer based on the foaming agent 

dissolved in it.  The nucleation rate expression can be calculated based on the classical 
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nucleation theory equation.  According to Colton and Suh 57, homogeneous nucleation 

in a gas-polymer system is given by Equation 12. 

        𝑁ℎ𝑜𝑚𝑜 = 𝑓𝑜𝐶𝑜 exp (−
∆𝐺ℎ𝑜𝑚𝑜

∗

𝑘𝑇
)           [12]

   

where 

fo = frequency factor for the rate at which gas molecules join a critical   

nucleus 

Co = concentration of gas molecules 

 

Both critical radius and critical free energy decreases when the degree of 

supersaturation is increased.  This means that bubble formation is easier when there is 

a greater amount of gas in the polymer.  Similarly, the higher the pressure drop, the 

higher the nucleation rate of bubbles 47. 

 

2.4.5.4 Heterogeneous Nucleation 

The most common type of nucleation in polymer systems containing additives is 

heterogeneous nucleation. There are several factors influencing the bubble producing 

efficiency, such as the type and shape of nucleating particles and interfacial tensions of 

solid and solid-gas interface.  The interface acts as a catalyst for nucleation because the 

presence of tiny particles and cavities reduces the activation energy required to achieve 

a stable nucleus.  Gibbs free energy is reduced during heterogeneous nucleation as 

shown in Figure 6 47. 
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Figure 6:  Heterogeneous bubble nucleation.  ∆G*hetero < ∆G*homo 
47 

 

Uhlmann and Chalmers 64 describes the thermodynamics of heterogeneous nucleation 

and its mathematical analysis.  The activation energy term can be corrected using the 

heterogeneity factor as shown in Equations 13 and 14: 

∆𝐺ℎ𝑒𝑡𝑒𝑟𝑜
∗ =  ∆𝐺ℎ𝑜𝑚𝑜

∗ 𝑓(𝜃)           [13] 

∆𝐺ℎ𝑒𝑡𝑒𝑟𝑜
∗ =

16𝜋𝜎3

3∆𝑃2 𝑓(𝜃)        [14] 

 

 

Figure 7:  Schematic of nucleating particle interaction with gas and polymer 47. 

 

Uhlmann and Chalmers 64 derived an expression for 𝑓(𝜃), Equation 15, using the 

configuration shown in Figure 7. 
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𝑓(𝜃) =
(2+𝑐𝑜𝑠𝜃)(1−𝑐𝑜𝑠𝜃)2

4
        [15] 

 where 

 θ = wetting angle 

 𝑓(𝜃) = heterogeneity factor 

 σ = interfacial tensions of a polymer-gas bubble 

 

Heterogeneous nucleation agents can improve the final mechanical properties of 

polymer foams by increasing the cell nucleation rate. The following examples show 

how natural fibres/additives aided the foaming behaviour of PLA degradable 

biocomposite foams. Kang et al. 65 investigated the effects of 1, 3, 5 and 7 wt.% of silk 

fibroin powder on CO2 induced PLA batch foaming. They showed that the average cell 

size of neat PLA was 52 µm which dropped to 15 µm in PLA with 7 wt.% silk. Pilla et 

al. 66 reported on the foam injection moulding of PLA and flax fibre composites at 1, 

10, and 20 wt.% using silane as the coupling agent. They found that foam crystallinity 

and cell density improved with flax fibre content, and average cell density was as low 

as 3 µm with 20 wt.% flax fibres.  

 

2.4.5.5 Nucleating and Blowing Agents 

In polymeric foaming, nucleating agents play the role of providing even dispersion in 

the gaseous phase, and in turn, bubble nucleation.  Common nucleating agents are 

porous materials, i.e. talc, whose surface becomes the residence for blowing agents and 

improves cell size distribution significantly.  In some processes, addition of a 

nucleating agent is not necessary such as when foaming with volatile inorganic gas 50.    

 

When nucleation and growth is completed, the polymeric foam is saturated with the 

blowing agent.  The gas concentration gradient can induce counter-diffusion fluxes 

when exposed to the atmospheric environment, causing air to enter.  After enough time, 

the concentration gradient diminishes to render a foam product filled with primarily 

air.  In other words, the role of the blowing agent is like a catalyst.  A simple illustration 

is given in Figure 8 50. 
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Figure 8: Blowing agent as the catalyst 50. 

 

There are two major groups of blowing agents: 

1. Chemical blowing agents (CBA); release gas by decomposition reaction. 

2. Physical blowing agents (PBA); mainly gases or liquids. 

 

CBA is highly favoured from an environmental and emission perspective because it 

can generate fine cell structures by liberating inorganic gases.  CBA can be added as a 

nucleating agent in PBA foaming, which when compared with talc, leaves no residue, 

making reuse easier in nucleation control.  In terms of expansion ratio and economics, 

PBA is favoured in conventional foam extrusion 50. 

 

There are several useful chemical blowing agents available commercially 47: 

 Citric acid/sodium bicarbonate (endothermic) 

 Azodicarbonate (exothermic) 

 p-toluene sulfonyl hydrazide (exothermic) 

 Sodium borohydride (endothermic) 

 

An inert substance such as talc or a reactive ingredient such as a chemical foaming 

agent can be used to improve gas distribution in the foaming process.  Endothermal 

systems such as fruit acids tend to have the best performance.  The following criteria 

must be met in order for the acids to be suitable for endothermic foaming agents: 

efficiency, pricing, availability, process condition, decomposition products, reactivity 

and stability.  Organic fruit/food, inorganic acids and carbonates are useful nucleating 

agents in physical foaming systems, and they can also be used as chemical blowing 

agents.  Sodium bicarbonate (NaHCO3) is a relevant carbonate used as CBA.  When 

NaHCO3 is reacted together with citric acid, the following reaction is endothermic and 

liberates carbon oxides.  NaHCO3 and citric acid together have a decomposition range 
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of 130-230 °C, an approximate gas evolution of 110-180 ml/g and the main gases 

produced are CO2 and H2O 50.  

 

2.4.6 Foam Properties 

Polymers have an interesting organic long chain structure and exhibit unique properties 

compared with inorganic materials.  As with foamed inorganic materials, foamed 

organic materials also extend the polymer material spectrum.  Their morphology and 

foam structure are the main components for their properties.  The four areas to be 

addressed are physical, mechanical, thermal and acoustical properties of foam 50. 

 

2.4.6.1 Physical Properties 

Polymers have unique physical properties.  Amongst gaseous voids, gaseous cells are 

separated and supported by a polymeric skeleton.  The physical properties of the 

polymeric skeleton such as melting, crystallization, decomposition and glass transition 

temperature remain basically unchanged.  It is important to note that even though the 

thermodynamic properties remain similar, kinetics may change dramatically. 

 

The volume-based physical property, however, changes significantly.  The more gas, 

the lower the density since gases possess a large volume to weight ratio under normal 

circumstances.  Solubility determines how much gas can be dissolved into a polymer 

and diffusivity determines how soon the dissolution is completed.  When cells are 

dispersed within a polymer, a mass reduction per unit volume is anticipated.  If the 

foam can meet the performance requirement with the minimum weight of material, or 

the highest expansion, then the product is economically ideal 50. 

 

Cell size and distribution is another physical aspect that contribute to foam structure 

and thus, profoundly affects polymer properties 67; 68.  Quite a few applications are 

dependent on the internal surface area; for example, sound attenuation and diffusion-

controlled phenomena such as devolatilization.  A change in cell size leads to a 

considerable change in surface area at a given expansion ratio.   

 



 

34 

2.4.6.2 Mechanical Properties 

Polymer foam mechanical strength is important in almost all applications.  

Compressive or tensile modulus in terms of density can be expressed as: 

𝐸𝑓

𝐸𝑝
= 𝑋 (

𝜌𝑓

𝜌𝑝
)

2

     [16] 

for open cell foams, and: 

𝐸𝑓

𝐸𝑝
= (1 − 𝑋) (

𝜌𝑓

𝜌𝑝
)         [17] 

for closed cell foams, where X denotes shape factor, and subscripts f and p denote foam 

and polymer, respectively.  Closed cell foams are more effective in energy absorption 

because they have a smaller reduction in modulus than open cell foams at the same 

expansion 50. 

 

Foam rigidity and flex modulus are determined by the type of polymer, the expansion 

ratio and sometimes, the cell structure of the foam.  For packaging and filling types of 

applications, low mechanical strength is acceptable.  For seating, mattresses and trays, 

medium mechanical strength is required.  For high-end structural applications, 

engineered polymer foam is necessary for strength and insulation. 

 

2.4.6.3 Thermal Properties 

Foams have favourable thermal properties which make them useful in many 

applications.  The impressive insulation properties of foams were easily adapted for the 

purpose of heat retention in applications such as cups, cup sleeves, appliance 

doors/panels and thermal chamber insulation.  Special foam packaging systems were 

designed to meet the needs of medical systems that are extremely sensitive to a thermal 

environment.  The use of foams in building insulation boards was especially important 

in climates where energy loss is critical.  The use of polymeric foam consumes less 

energy, reduces gas emissions and global warming overall 50.   

 

2.4.6.4 Acoustic Properties 

The sound wave is considered to be an energy wave or pressure transfer.  Foam, due to 

its cellular structure, is effective with two kinds of sound waves: airborne and contact.  
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Airborne refers to mid-frequency speech and high frequency engine room noise.  

Contact sound refers to, for example, walking on a hard floor.  In present times, foams 

are incorporated into construction codes for residencies, warehouses, gyms, studious, 

and auditoriums.  Sound absorption foams are desirable in populated areas where 

residencies are in close proximity and a reduction of noise is necessary 50.  

 

2.4.7 Need for Biodegradable and Environmentally Friendly Foams 

The dawn of the 21st century also brought about rising concerns in environmental 

climates which are dramatically changing.  Global warming, energy security and 

sustainable sources have fuelled the need for degradable foams.  Another factor is the 

petroleum price, which was stable for a quarter of a century.  A sudden increase in 2004 

from US$20 per barrel to over US$100 per barrel in 2007 also influenced the raw 

material price for polymers 50.  As a result, the pressures for alternative resources to 

polymers have also increased significantly. 

 

The two halogenated gasses involved in degrading the ozone layer, CFCs and HCFCs, 

have been phased out due to the discovery of the depletion of the ozone layer in the 

late 1980s 69.  The emission of inorganic carbon dioxide is inevitable in any energy 

generation process.  While technology facilitates our living, it also generates carbon 

dioxide which causes global warming. 

 

In relation to polymer production: resin preparation, processing, converting, and even 

collecting a blowing agent to convert to atmospheric carbon, will all involve carbon 

dioxide emission.  More and more communities are now focussing on polymers made 

from sustainable sources.  For example, in the 1990s, Mitsui Toatsu Chemicals Inc. 

succeeded in making polylactide foam 70. 

 

2.4.7.1 Environmental Regulations 

The wide consumption of polymeric foams and its use in daily life has raised 

environmental, health, and safety concerns.  Material safety data sheets (MSDS) 
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became mandatory in the 1990s and a renewed safety and toxic list was published on 

the regular basis 50.   

 

Table 6:  Common foams made from bioplastics. 

Polymer Source 

Polylactic acid (PLA) 

Starch 

Polyvinylalchohol (PVOH) 

Poly caprolacton (PCL) 

Corn 

Corn, potato, wheat 

Vinyl acetate monomer 

Crude oil 

 

Starch-based foams and polyvinylalchohol (PVOH) foams are water soluble and can 

disintegrate in water after disposal, provided that moisture is properly maintained in 

processing and usage.  Table 6 shows common degradable foam.  It is worth noting 

that when a foam is degraded or has disappeared from sight, it eliminates a basic unit 

operation but does not solve all the problems.  When dissolved, it may generate global 

warming by-products.  A summary of common disposal methods and their effects are 

given in Table 7 50. 

 

Table 7:  Advantages and disadvantages of common foam disposal methods.  

Methods Advantage Disadvantage 

Incineration 

Landfill 

Water soluble 

Biodegradable 

Generates energy 

Low cost 

Easy 

Quick volume reduction 

Produces global warming gas 

Time consuming and space needed 

Expensive 

Negate recycle and reuse 

 

Foams play an important role in human civilization, making daily life much more 

convenient, yet the amount of unsolved problems is in abundance.  Environmental 

conditions however, have a more serious impact on human living conditions.  Issues in 

relation to the ozone layer, carbon concentration, earthquakes and climate-induced 

famine will not disappear.  How foam plays a more active role in those pending topics, 

yet, continues to enrich human convenience, is a challenge to the global foam society.   
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2.5 Polymer Foaming Methods 

 

2.5.1 Extrusion Foaming 

The physical blowing agent is introduced to the polymer melt at elevated temperatures 

and pressures in the extruder 71.  The first three screw zones consist of melting, 

solubilisation, and pressurization stages.  Further solubilisation occurs in the static 

mixer due to an increased residence time and contact between the two phases.  

Immediately following solubilisation, the polymer/gas solution is passed through a 

narrow capillary where a fast pressure drop provokes nucleation.  The configuration of 

the capillary (length and diameter) impacts the cellular structure.  A longer capillary 

(length = 30 mm) leads to finer cellular structure, whereas a shorter capillary (length = 

10 mm) gives larger cell diameters 1. 

 

In the extrusion process, bubbles nucleate and grow in non-isothermal conditions once 

the melt exits the die. The increase in viscosity during the cooling/crystallization of the 

polymer is necessary to stabilize the cellular structure and to avoid bubble collapse or 

coalescence.  For this reason, the investigation of polymer crystallization behaviour is 

crucial in order to optimise the temperature profile in the extruder and the die 1. 

 

Extrusion foaming of semi-crystalline polymers, such as PP, is difficult and restricted 

to a narrow temperature range, unlike high glass transition temperature amorphous 

polymers.  This is due to the linearity of the chain structure associated with the lack of 

strain hardening usually observed for branched structures, as typically encountered in 

LDPE for instance.  Crystallization kinetics is a relevant factor in foam processability.  

High quality, low-density foam can be attained at a slow crystallization rate at a 

processing temperature approaching the crystallization temperature (Tc) 
71.   

 

Extrusion foaming can be used to produce PLA foams especially if using a low shear 

screw technology such as the Turbo-Screws® technology developed by Plastic 

Engineering Associates 72. Turbo-screw technology is able to achieve higher output 

and faster cooling due to rectangular holes through the screw flights at the root, which 

move the melt from the root to the barrel wall. Sheet densities of ~50 g/L with closed 
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cell counts of 90% and greater are achievable. These extrusion foams are used for 

thermoformed packages and easily trimmed into containers suitable for hot food 

contact. 

 

2.5.2 Direct Gassed Foam Extrusion 

Gases are introduced directly into the extruder via pressure in the melt, distributed and 

mixed before leaving the machine exit (i.e. die, nozzle, etc.) as a blend.  The newly 

introduced gas acts like a temporary plasticizer and drastically reduces the melt 

viscosity, allowing for lower processing temperatures.  Gases used in foam extrusion 

are from the atmosphere like nitrogen, carbon dioxide and air.  Other gases from 

gasoline production such as alkanes or halogenated alkanes can also be used, but are 

heavily debated due to detrimental environmental impacts 50. Reignier et al. have 

studied the extrusion foaming of PLA using CO2 as blowing agent 71. Foam densities 

of 20 – 25 g/L with 8 wt.% CO2 concentration have been reported.  

 

Nucleating agents come into use in direct gassed foam extrusion for improved 

distribution of the gas in substrates.  These include fine minerals (talc, silica, calcium 

carbonates, pigments) used to chemically produce carbon dioxide, or blends of 

carbonates (magnesium, sodium, calcium) with organic acids (citric, tartaric) or 

inorganic acids (boric acid, acidic phosphates).  Desired properties of gases used in 

foam extrusion are as follows 73; 74: 

 Non-flammable 

 Non-toxic 

 Low diffusion rate 

 Environmentally friendly 

 Low molecular weight 

 Low vapour thermal conductivity 

 Appropriate latent/specific heat 

 Adequate solubility 

 Non-reactive 

 Low cost 
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2.5.3 Direct Gassed Injection Moulding 

Foam injection moulding is also known as structural foam moulding due to the 

formation of an integral skin 75.  The classical concept of an injection moulding 

machine involves feeding with an extruder into an accumulator and shooting with a 

piston-operated system into the mould.  A screw can also be used in place of the piston.  

Gases are introduced into the molten polymer through the barrel of the extruder to make 

foamed parts, as shown in Figure 9. 

 

 

Figure 9:  Direct gassed injection moulding apparatus 50. 

 

2.5.4 Microwave Foaming 

Microwave foaming is used in many food related industrial applications and is a quick 

way of adding heat.  Sjöqvist, and Gatenholm 76 produced porous structures of potato 

amylopectin starch by pre-extruding and foaming using microwave.  Water was the 

blowing agent and when starch extrudates were heated by microwaves, the moisture 

generated superheated steam creating a high internal pressure.  Starch in the presence 

of water underwent a phase transition from a glassy to rubbery state upon heating.  

Moisture loss during heating and cooling after treatment caused the structure to return 

to the glassy state and the porous structure became permanent. 
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2.5.5 Batch Foaming  

Two methods commonly reported for manufacturing thermoplastics are continuous 

extrusion foaming and batch foaming.  This study will focus on the foaming of 

Novatein and PLA blends using the batch foaming method.   

 

The batch processing method, also known as the autoclave method, is mainly utilized 

for small production of microcellular foams.  The batch foaming process involves two 

stages:  

1. The polymer sample is placed in a high-pressure gas environment which allows 

the gas to diffuse into the polymer matrix.  

2. Nucleation and bubble growth are induced either by controlled depressurization 

in the autoclave (called the pressure-quench method) or from the temperature 

rise induced in a hot fluid bath (called the temperature soak process).  

 

The physical mechanisms of extrusion foaming and the autoclave method may be 

similar, yet the dynamic is completely different.  The batch process generally allows 

the control of foaming over the largest possible temperature range 71.  The blowing 

agents considered for use in this research is subcritical CO2. 

 

2.5.6 Absorption and Desorption of Blowing Agent  

The effect of CO2 on polymers is similar to those of organic solvents, including 

swelling 77-80 and depression of glass transition temperature, i.e. plasticization 81-83.  

The mild critical conditions of CO2 allow it to be handed as a liquid at room 

temperature under rather moderate pressures.  The critical temperature is 31°C and 

saturated vapour pressure at 25°C is 64.6 atm (950 psi).  As a result, near-critical CO2 

can be considered a highly volatile solvent, rather than a gas, in polymer interactions 

84. Compressed CO2 is uniquely useful at promoting the impregnation of many 

polymers with a wide variety of additives due to its high diffusivity, solubility, and 

plasticizing effects.  
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The general experimental method involves sorption of CO2 into polymer sheets in a 

simple pressure vessel, followed by rapid venting of pressure and transferring the 

samples to a balance for recording weight changes during desorption. The sample is 

placed in a pressure vessel fitted with a valve, pressure gauge and screw closure which 

can be opened quickly.  The vessel is then evacuated and filled to the desired sorption 

pressure, Ps, with liquid or gaseous CO2 and held at this pressure for an appropriate 

sorption period, ts.  There should be no change in pressure during this sorption period 

because of the relative sizes of sample and vessel.  At the end of the sorption period, 

CO2 pressure is rapidly released to atmosphere and the sample is removed and weighed.  

Sample weights during desorption is recorded as a function of desorption time, td, at 

intervals as short as 5 seconds beginning within 10 – 20 seconds after venting the vessel 

84. 

 

A complete picture of sorption equilibria, including the kinetics of both absorption and 

desorption, can be obtained using only sample weights at time, wt, and dry weight, wo, 

recorded during desorption.  The mass of the sample during certain desorption times 

can be calculated using Equation 18: 

𝑀𝑡,𝑑 =
𝑤𝑡−𝑤𝑜

𝑤𝑜
                [18] 

 

Liquid CO2 has a low solubility parameter, suggesting that it should behave like a non-

polar hydrocarbon.  However, Berens and Huvard 84 found that liquid CO2 has an 

unexpectedly high solubility in polar polymers, possibly due to its H-bonding basicity, 

and its behaviour resembles a somewhat polar organic solvent.  This behaviour seems 

to be a reasonable consequence of the high solubility and plasticizing action of CO2 at 

high pressures.    

 

2.5.6.1 Effect of Pressure 

The effect of pressure on final porous structures is studied at constant temperature and 

depressurization rate while changing the range of pressures.  A typical behaviour of 

foaming polymers with CO2 is that the average pore size decreases, while the cell 

density increases when pressure is increased 85-88.  The pressure increase enhances the 

solubility of CO2 in the polymer matrix and decreases the energy barrier to nucleation 
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85.   In other words, at higher pressures, nucleation and growth of pores occur because 

there is more dissolved fluid available in the polymer matrix. 

 

2.5.6.2 Effect of Temperature 

The effect of temperature on final porous structure is studied at constant pressure and 

depressurization rate while changing the range of temperatures.  A small increase in 

temperature leads to a slight decrease in bulk foam density and cell density 87; 88.  

Nucleation theory predicts that at higher temperatures, the energy barrier to nucleation 

decreases 85.  Furthermore, viscosity of the polymer decreases as temperature increases 

which promotes the growth and coalescence of neighbouring pores, resulting in larger 

cell sizes 87; 88.  Cells also grow faster due to an increased diffusivity of the fluid. 

 

2.5.6.3 Effect of Saturation Time 

The effect of saturation time on final porous structure is studied at constant pressure 

and temperature.  An increase in average pore diameter and decrease in pore wall 

thickness is expected as saturation time increases.  This is because a longer soaking 

time allows more blowing agent to diffuse into the polymer matrix and expand the 

pores within the structure.  Furthermore, diffusivity increases with saturation time 

which leads to a more porous structure 86.  

 

2.5.6.4 Effect of Depressurization Rate 

The effect of depressurization rate on final porous structure is studied at constant 

pressure, temperature, and saturation time.  As depressurization rate increases, mean 

pore diameter decreases and cell population density increases 87.  This is possibly due 

to more gas being used for cell nucleation instead of cell growth, at higher pressure 

drop rates 89.  This means that more nuclei are generated but the hindrance to growth 

leads to smaller pores. 
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2.5.7 Crystallinity in Semi-Crystalline Polymers  

Research on batch polymer processing in the last two decades have mainly focused on 

foaming of amorphous polymers, such as PS, polycarbonate (PC) and poly(methyl 

methacrylate) (PMMA), and very little work has been done on the foaming of semi-

crystalline polymers 71.  Crystallinity is one of the key parameters that need to be 

considered when foaming semi-crystalline polymers 90.  Novatein behaves like a semi-

crystalline polymer, although it has a softening point rather than a distinct melt region.   

 

Baldwin et al. 91 have demonstrated for PET-CO2 systems that crystallinity effects both 

cell nucleation and growth mechanisms and, therefore, plays a major role in 

microcellular processing.  Furthermore, the crystallinity of PET increased from <5% 

(initial sample considered to be amorphous) to about 30% when the concentration of 

CO2 was increased (saturation pressure: 5.52 MPa, sorption time: 25 h, saturation 

temperature: 20 °C).  The heterogeneous nature of the semi-crystalline polymer matrix 

causes the bubble nucleation to be non-homogeneous throughout the sample.  

Furthermore, the polymer-gas mixture formed during microcellular processing was not 

uniform since the gas does not dissolve in the crystals.  Cell growth is also limited 

because crystallinity severely increases the matrix stiffness, which densifies and 

degrades the cellular structure 71; 90.  When viewed under the SEM, highly crystallized 

material such as polycarbonate (PCL) 92 and polylactic acid (PLA) 93 have chaotic foam 

morphologies containing un-foamed regions.  To address these issues, Colton 94 

produced microcellular structures of semi-crystalline PP by processing in the molten 

amorphous state, above the melting point.    

 

The polymer-gas solution formation process is much more complex with semi-

crystalline polymers compared with amorphous resins.  The effect of the dissolution of 

gas molecules into the polymer is another issue in the foaming process of semi-

crystalline polymers.  In amorphous polymers, this process causes significant 

plasticization and actively lowers the Tg. If the processing temperature is close to the 

Tg of the neat amorphous polymer, a rapid viscosity increase is induced when gas is 

depleted from the gas-swollen melt.  The impact of crystallization on cell formation 

during desorption of the polymer matrix can be investigated using a non-invasive 
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monitoring technique, such as ultrasound measurement 95.  The chain mobility is 

enhanced with the increase of the free volume of the polymer by the dissolved 

molecules (swell), which modifies the crystallization onset and the kinetics.  The 

cellular structure of semi-crystalline polymer foams is relatively difficult to control 

compared to that of amorphous polymer foam.  A study carried out by Reignier et al. 

71 emphasizes the importance of crystallization kinetics and crystallization temperature 

to the processability of semi-crystalline polymers.  Solubility of gas in a polymer is a 

linear function of crystallinity, since gas cannot dissolve in the crystalline phase, and 

increasing the crystalline fraction decreases the overall solubility of the system.   

 

The foam morphology is also influenced by the presence of a crystalline phase in a 

polymer due to interactions between CO2 and the polymer 96-98.  Furthermore, CO2 

sorption does not occur in the crystalline phase resulting in denser structures 90; 99-101.  

There are two main impacts crystallinity has on cell density and the mechanisms 

governing microcellular nucleation.   

 

First, crystalline foams have an increased cell density which is believed to be the result 

of heterogeneous nucleation, with the crystals acting as nucleating particles.  Previous 

studies have shown that the preferential site for microvoid nucleation is the interface 

between the crystalline and amorphous regions since this is a higher energy region and 

the free energy barrier is lower 91.  On the other hand, Handa et al. 102 claimed that 

classical heterogeneous nucleation cannot be applied in the case of semi-crystalline 

polymers since the amorphous and semi-crystalline region boundaries are not well 

defined.  Furthermore, the surface energy of the crystallized region was found to be 

lower than its amorphous counterpart. 

 

Second, crystallinity impacts cell size and the mechanism governing cell growth.  

Baldwin et al. 91 explains that this is due to the increased matrix stiffness associated 

with crystallization, which causes an abrupt decrease in cell size.  The cell growth 

mechanism is controlled primarily by the viscoelastic properties of the polymer matrix, 

rather than gas diffusion kinetics.  The addition of talc drastically affects the matrix 

stiffness by increasing the crystallization temperature, resulting in different cellular 

morphologies 71.  
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During PLA foam process, cell coalescence and cell rupture can occur during cell 

growth because of PLA’s inherently low melt strength. PLA’s low melt strength also 

facilitates gas loss during foam expansion, causing severe shrinkage. An effective way 

to overcome these weak viscoelastic properties is to enhance PLA’s crystallization 

kinetics during foam processing 103. Crystallization during foaming can increase PLA’s 

ability to expand by minimising cell coalescence and gas loss. However, high 

crystallinity will also suppress foam expansion due to excessive stiffness and less gas 

dissolution. On the other hand, heterogeneous cell nucleation theory states that cell 

nucleation will be promoted around the nucleated crystals through local pressure 

variations, thus improving final cell density. Taki et al. 104 studied the cell nucleation 

mechanism of poly-L-lactide acid (PLLA) with CO2 in a batch process and found that 

the presence of spherulites in the PLLA matrix promoted the number of cell nuclei. 

They explained that the growing spherulites expelled dissolved CO2 from the interface, 

leading to an increased concentration of CO2, which caused cell nucleation to occur 

around the spherulites. Liao et al. 105 studied various crystallinities and crystallite sizes 

on the foaming of PLLA.  They found that a higher foam density was achieved in areas 

with high concentrations of crystals with large sizes. Meaning that increased stiffness 

in the highly crystalline domain restricted cell growth and expansion.   

 

2.5.7.1 Effect of Talc on Crystallization 

Heterogeneous nucleation allows better control of the cell nucleation process; in many 

cases, this is obtained by using a mineral nucleating agent such as talc 106.  However, 

their introduction in polymer formulations could also affect the crystallization 

behaviour of semi-crystalline polymers.  To investigate this issue, classical DSC can 

be used to investigate the crystallization behaviour of NTP in the presence of talc.  

Reignier et al. 71 found that the crystallization temperature of PCL increased with small 

increments in talc concentrations.  A small addition of 0.5% talc increased the melt 

crystallization peak from 32 °C to ≈ 39.5 °C.  The conclusion reached from these results 

was that talc particles not only nucleate crystal formation, but they also speed up the 

crystallization kinetics through a volume effect. 
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For polymer-CO2 systems nucleated with talc, foam density (g/cm3) decreases linearly 

and cell size (µm) increases as foaming temperature increases 71.  The increase in cell 

size with foaming temperature is due to the viscosity decrease in the matrix material, 

meaning there is less resistance to cell growth.  Cell population density (cells/cm3) is 

also proportional to density. Ameli et al. 107 studied foam injection moulding behaviour 

of PLA with up to 5 wt.% talc. They found that the addition of talc improved 

crystallinity and promoted crystallization kinetics, which led to more uniform cell 

morphology, larger cell density and smaller cell sizes.  

 

2.5.8 Methods of Improving Foamability 

2.5.8.1 Organic Solvents 

A study by Tsivintzelis et al. 88 investigated the use of CO2-ethanol supercritical 

mixtures as blowing agents to foam polycaprolactone (PCL).  Their results revealed 

that the difficulties involved in foaming crystalline polymers can be overcome with the 

addition of small amounts of organic solvents.  When pure CO2 was used as a blowing 

agent, the porous structure was non-uniform and consisted of regions with different 

pore sizes and pore densities.  However, when small amount of ethanol was added the 

structure was more uniform and had larger pore sizes.  This is due to the softening of 

the polymer matrix upon the addition of ethanol.  Furthermore, a pronounced viscosity 

reduction is expected to occur due to the sorption of CO2 and ethanol into the polymer 

matrix.  This simplifies the growth of pores and facilitates the coalescence of 

neighbouring pores, resulting in larger pores and decreased bulk foam density. 

 

If ethanol is added it is important to consider the possibility of polymer degradation.  

This can be investigated by measuring the intrinsic viscosity of the polymer samples in 

chloroform at ≈ 25°C by a calibrated Cannon Fenske viscometer 88.  If no major 

differences in intrinsic viscosity are observed among the foamed sample and 

unprocessed polymer, then no significant degradation has occurred.    
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2.5.8.2 Talc 

The study by Reignier et al. 71 also investigated the use of talc and its effect on 

crystallization.  Talc is an efficient nucleating agent commonly used to produce fine-

cell thermoplastic foams with a high cell density.  It was found that talc modified the 

nucleation of both crystallites and cells, producing smaller cells and a more uniform 

cell size distribution.  Also, the presence of talc had little effect on the proportion of 

small and open versus large and closed cells.  As the concentration of talc increased, 

cell size decreased and cell density increased 71.   

 

2.5.8.3 Chain Extenders 

A limitation in foaming of polymers is poor melt properties.  One of the most 

investigated means of improving melt strength and elasticity is to modify the molecular 

structure by using a chain extender.  Chain extension can improve both crystallinity 

and rheological properties of polymers 90.  Chain extension involves reacting functional 

molecules such as hydroxyl, anhydride, amine, isocyanate, and carboxylic acid, with 

the carboxyl or hydroxyl-end of polymer chains.  The use of an epoxy functionalized 

chain extender was recently reported to give rise to branched structures improving 

significantly the processing window and material properties 108-110.   

 

Advantages in using chain extenders is that, at low foaming temperatures (i.e. TF = 110 

°C), the cellular structure is finer when chain extenders are increased.  Highly chain 

extended samples also have higher cell population densities, shifting from macro 

cellular scale (104 cells cm-3) to micro cellular scale (1010 cells cm-3) 90.   

 

Weak melt strength is the result of gas loss which leads to reduced cell expansion and 

denser foams.  Rheological properties improve because the melt strength is less 

sensitive to temperature and allows foaming at higher temperatures.  Strain hardening 

plays an important role and prevents cells from collapsing.  A disadvantage is that melt 

viscoelasticity increases by the chain extension process, which drastically reduces the 

cell expansion potential, as reported in Corre et al. 90.  A lower cell extension would 

reduce the risk of neighbouring cells coalescing, thus leading to higher cell densities 

and smaller cell diameters.  
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Morphology and Mechanical Properties of Itaconic Anhydride Grafted 

Poly(lactic acid) and Thermoplastic Protein Blends 

 

In Chapter 3, itaconic anhydride grafted PLA blended with thermoplastic protein was 

investigated using reactive extrusion, for the first time. The results were used to 

determine the effectiveness of a compatibilizer in Novatein-PLA blends and the 

improvement in Novatein’s mechanical properties when blended. The formation of a 

co-continuous morphology at equal proportions of Novatein and PLA was also 

examined using SEM and further characterised using DMA and XRD. The findings of 

this chapter contributed to the production of Novatein-PLA batch foams, later 

discussed in Chapter 4. 

 

As first author of this paper, I prepared the initial draft manuscript, which was refined 

and edited in consultation with my supervisors, who have been credited as co-authors. 

 

Morphology and Mechanical Properties of Itaconic Anhydride Grafted Poly(lactic 

acid) and Thermoplastic Protein Blends, previously published in International Polymer 

Processing (Carl Hanser Verlag, Munich, Germany).  

 

 

 

 



 

59 

 



 

60 

 



 

61 

 



 

62 

 



 

63 

 



 

64 

 



 

65 

 



 

66 

 



 

67 

 



 

68 

 



 

69 

 

 



 

70 

 

 

 

 

4 
Biopolymer Foams from Novatein Thermoplastic 

Protein and Poly(lactic acid) 

 

A journal article published in 

 

Applied Polymer Science 

 

By 

 

A. S. Walallavita, C. J. R. Verbeek, M. C. Lay 

 

 

4 Biopolymer Foams from Novatein 

Thermoplastic Protein and Poly(lactic acid) 

 

 



 

71 

Biopolymer Foams from Novatein Thermoplastic Protein and Poly(lactic acid) 

 

In Chapter 4, the Novatein-PLA blends produced in Chapter 3 have been batch foamed 

using subcritical CO2 with and without compatibilizer, PLA grafted itaconic anhydride. 

A high-pressure foaming vessel was used to bead foam Novatein-PLA blends, and the 

effect of CO2 impregnation parameters on resulting foam densities and cell sizes were 

investigated. This chapter further examines the effect of the differences in 

crystallinities between Novatein and PLA and how this can lead to a variety of unique 

foam morphologies with greater cell densities due to heterogeneous nucleation. 

 

As first author of this paper, I prepared the initial draft manuscript, which was refined 

and edited in consultation with my supervisors, who have been credited as co-authors. 

 

Biopolymer Foams from Novatein Thermoplastic Protein and Poly(lactic acid), 

previously published in Applied Polymer Science (Wiley, Hoboken, NJ. USA). 

Reprinted with permission. Rightslink License number 4287830685847. 
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5 Concluding Remarks 

In this work, blends between Novatein thermoplastic protein and PLA were produced 

using reactive extrusion, with and without compatibilizer, PLA-g-IA. The properties 

of these blends were studied at different compositions of Novatein and PLA/PLA-g-

IA. These blends were then subsequently foamed using sub-critical CO2 as blowing 

agent in a batch foaming apparatus. 

 

Novatein and PLA are immiscible and blending resulted in poor adhesion and dispersed 

phase morphologies. Upon the addition of compatibilizer, fewer agglomerated 

Novatein particles were visible and phase separation was improved. To better 

understand the dispersed and co-continuous phase morphologies, chloroform was used 

to dissolve the PLA phase, keeping the Novatein phase intact. The compatibilizing 

action of IA/DCP was visible at a 50-50 ratio of Novatein and PLA. In the absence of 

compatibilizer, a dispersed phase morphology was formed indicative of sample 

disintegration in the presence of chloroform. However, upon the addition of 

compatibilizer, the sample remained intact with chloroform, suggesting a co-

continuous morphology. This was also evident in the mechanical properties of 

compatibilized blends. 

 

Blending Novatein and PLA at ratios of 90-10 and 70-30 reduced the tensile strength 

to below that of neat Novatein, which is common when blending incompatible 

polymers with little adhesion between phases. At Novatein-PLA ratio of 50-50 

however, the tensile and impact strength improved by 42% and 36%, respectively. 

Including a compatibilizer improved the elongation (strain at break) of all blends due 

to improved interfacial bonding and lower stress concentration gradients. The 

mechanical properties of blends did not outperform neat PLA, except for the secant 

modulus at 30-70 Novatein/PLA-g-IA, which was slightly higher than neat PLA. 

However, the properties of neat Novatein was significantly improved by blending with 

PLA at a 50-50 ratio with compatibilizer. 
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Above 50% Novatein, blends with compatibilizer demonstrated narrower peaks in 

DMA and less damping compared to blends without compatibilizer, which is once 

again indicative of stronger interaction between the phases. Both DMA and DSC 

results showed that a Novatein-PLA ratio of 50-50 was the phase inversion point, above 

and below this composition the thermal behaviour of the material was similar. XRD 

showed that the summation of pure Novatein and PLA diffractograms closely 

resembled that of the 50-50 curve without compatibilizer, suggesting that the blend 

existed as three phases: crystalline Novatein, amorphous Novatein, and amorphous 

PLA. With compatibilizer, however, the additive diffractogram was different to 

compatibilized 50-50 suggesting that the separate amorphous PLA phase must have 

partly dissolved in the amorphous Novatein phase.  

 

Reactive extrusion was used to successfully produce blends between Novatein and 

PLA, and the compatibilizing effect of IA was confirmed. IA grafted PLA improved 

miscibility between Novatein and PLA, and mechanical properties of neat Novatein 

was enhanced upon the addition of 50% PLA-g-IA. The promising results obtained by 

blending Novatein and PLA led to the production of batch foams with the aim of 

improving the foamability of Novatein. Foaming the different crystalline regions of the 

blend and resulting morphologies under certain experimental conditions were 

investigated. 

 

CO2 desorption results showed that compatibilized Novatein-PLA blends were able to 

retain CO2 better because of improved surface adhesion. Uncompatibilized blends gave 

rise to channels for CO2 escape. Pure Novatein cannot form a cellular structure at a 

foaming temperature of 80 °C due to cell growth restrictions. The Tg of Novatein was 

too close to the foaming temperature of 80 °C and the matrix stiffness of Novatein is 

higher than PLA. However, when Novatein was blended with 50 wt. % PLA, 

microcells formed with smaller cell sizes (3.36 µm) and higher cell density (8.44 x 1021 

cells cm-3) compared to pure PLA and blends with higher amounts of PLA. The DMA 

curve of the 50-50 blend resembled closely to that of pure Novatein, indicating that 

Novatein was the continuous phase in most cases. Also, at 50 wt.% Novatein, the 

interfacial area is much greater (co-continuous phase), which served as heterogeneous 

nucleation sites. 
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The presence of nano-cells was also visible in the 50-50 blend which formed due to 

differences in crystallinity between both components in the blend. The incorporation 

of 50 wt.% Novatein increased the crystallinity of the blend and the matrix stiffness of 

Novatein was high enough to restrain cell coalescence and cell collapse. Furthermore, 

the introduction of the interface between the crystalline and amorphous phases has 

created additional interfacial areal for nucleation.  

 

Upon the addition of compatibilizer, a further increase in cell density and reduction in 

cell size was observed compared to uncompatibilized blends. More uniform cell 

nucleation and growth were observed in compatibilized blends due to improved phase 

morphology. Compatibilized blends showed that the incorporation of 10 wt.% 

Novatein resulted in foams with a lower density than pure PLA. Foaming temperature 

also affected cell nucleation and growth in Novatein-PLA blends. PLA domains have 

a high CO2 gas solubility at foaming temperatures of 80 °C. Novatein domains, 

however, have a high matrix stiffness which hindered foam expansion up until the 

foaming temperature was increased to 100 °C. When foaming temperature was further 

increased to 140 °C, the reduced polymer viscosity led to smallest cell size (1.57 µm) 

and high cell density (2.98 x 1022 cells cm-3) of the 50-50 blend. 

 

Blending Novatein with PLA in the presence of compatibilizer IA, improved the 

morphology, mechanical properties, and foamability of Novatein. Results from this 

study can be implemented to broaden the applications of Novatein into agricultural 

packaging applications. Recommendations for future work include rheology analysis 

to better understand the specific interactions which occur upon mixing. This changes 

the free volume of the blend and the degree of entanglement, which in turn affect the 

flow behaviour. Furthermore, other methods of foaming Novatein-PLA blends can be 

investigated, such as injection foaming. The stiff Novatein phase requires high 

temperature and pressure conditions to induce a cellular structure, which can be 

achieved using injection foaming methods. Novatein is currently being commercialized 

into various products such as plant pots, weasand clips, and Port Jacksons. Producing 

a foamed material from Novatein and other biodegradable polymer blends such as PLA 

would offer valuable alternatives to current Novatein products with improved 

properties.  
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provides the reader useful literature on protein foams used in various plastic applications. As co-author, 

I prepared the first draft of the sections on batch foaming, and together with the other authors, revised 

and edited the entire manuscript into the form accepted for publication.
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Properties of Blends between Poly(lactic acid) and Novatein Thermoplastic 

Protein 

 

Anuradha Walallavita*, Casparus J.R. Verbeek, Mark C. Lay 

 

School of Engineering, Faculty of Science and Engineering, 

University of Waikato, Hamilton 3240, New Zealand. 

 

asw15@students.waikato.ac.nz*, jverbeek@waikato.ac.nz, mclay@waikato.ac.nz 

 

Novatein® (NTP) is a protein-based thermoplastic that can be extruded and injection 

moulded, however it has low tensile strength.  Poly(lactic acid) (PLA) is a sustainably 

derived and industrially compostable polymer which could be blended into NTP to 

improve this limitation.  In this study reactive extrusion was used to produce a blend 

of NTP and PLA for new applications where cheap and degradable materials are 

required.  Various compositions of NTP/PLA were prepared with and without a 

compatibilizer, PLA grafted with itaconic anhydride (PLA-g-IA).  Results showed that 

the addition of 50 wt. % PLA increased the tensile strength of neat NTP by 66 %, while 

the addition of compatibilizer had a 58 % higher tensile strength than the blend without 

compatibilizer.  Scanning electron microscopy revealed that the addition of 

compatibilizer reduced the presence of cracks and voids in fracture surfaces, resulting 

in a more homogenous microstructure.  Differential scanning calorimetry and X-ray 

diffraction scans showed that the PLA was fully amorphous after processing.  
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University of Waikato, Hamilton 3240, New Zealand 

 

asw15@students.waikato.ac.nz, jverbeek@waikato.ac.nz, mclay@waikato.ac.nz 

Abstract. Novatein®, a protein-based thermoplastic, was blended with poly(lactic acid) (PLA) using reactive extrusion to 

produce a cheap and degradable material with improved mechanical properties over neat Novatein. Various compositions 

of Novatein/PLA were prepared with and without a compatibilizer, PLA grafted with itaconic anhydride (PLA-g-IA).   

 
FIGURE 1.  Tensile strength (A), percent elongation (B), secant modulus (C) and impact strength (D) of Novatein/PLA 

blends with and without compatibilizer. 

 
FIGURE 2.  SEM images of tensile tested fracture surfaces at magnification x 250 a) 90-10 b) 90-10 IA/DCP c) 50-50 

d) 50-50 IA/DCP.  

Novatein had a tensile strength of 17.4 MPa while a blend of Novatein with PLA-g-IA at 50 wt. % loading increased the 

tensile strength to 34.4 MPa (Figure 1.A). All Novatein and PLA-g-IA blends showed an improvement in elongation at 

break i.e. from 0.74 to 1.88 at 50-50 composition (Figure 1.B). Impact strength of 50-50 IA/DCP was higher than 30-70 

blend without compatibilizer (Figure 1.D). Scanning electron microscopy revealed that adding compatibilizer reduced the 

presence of cracks and voids in fracture surfaces, resulting in a more homogenous microstructure (Figure 2.a and b). In 

the 50/50 blend, the Novatein phase became finer and more evenly dispersed within the PLA matrix (Figure 2.c and d). 

Blending Novatein with PLA can widen its use in many agricultural and packaging applications, but require itaconic 

anhydride as compatibilizer.     

Keywords: Novatein® Thermoplastic Protein, biodegradable polymers, blends, polylactic acid, itaconic anhydride.  

mailto:asw15@students.waikato.ac.nz
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A batch processing method was used to fabricate foams comprising of a blend of poly(lactic acid) (PLA) and Novatein, a 

protein-based thermoplastic.  Various compositions of Novatein/PLA were prepared with and without a compatibilizer, 

PLA grafted with itaconic anhydride (PLA-g-IA).  These were foamed at varying temperatures above the material’s Tg (80 

– 160 °C).  This batch foaming technique has successfully been implemented to foam both semi-crystalline and amorphous 

PLA using an environmentally benign blowing agent, subcritical CO2, however, batch foaming semi-crystalline Novatein 

is more difficult due to the constraining effects of the nature of the material.   

 

FIGURE 1: a) and b) NTP50-PLA50 foamed at 80°C with magnification x2.5k, c) and d) 

NTP30-PLA70 foamed at 140°C with magnification x3.0k. 

 

TABLE 1: Cell properties of blends foamed at 80 °C with and without IA/DCP as 

compatibilizer. 

Blend Composition 

(wt.%) 

Cell Size (µm) Cell Density (cells/cm3) 

Uncompatibilized Compatibilized Uncompatibilized Compatibilized 

NTP50-PLA50 3.36 1.04 8.44 x 1021 1.04 x 1024 

NTP30-PLA70 22.5 6.11 1.22 x 1018 1.32 x 1022 

NTP10-PLA90 42.7 9.69 1.88 x 1015 2.71 x 1018 

PLA 55.4 - 5.18 x 1014 - 

 

Pure Novatein cannot form a cellular structure at a foaming temperature of 80 °C, however in a blend with 50 wt. % of PLA 

(Figure 1.a and b), microcells formed with smaller cell sizes (3.36 µm) and higher cell density (8.44 x 1021 cells/cm3) 

compared to pure PLA and blends with higher amounts of PLA (Table 1).  The incorporation of 50 wt. % Novatein in PLA 

increased the crystallinity of the blend and the matrix stiffness of Novatein was high enough to restrain cell coalescence and 

cell collapse.  Furthermore, the introduction of a crystalline phase from Novatein has created additional interfacial area for 

nucleation (interface between crystalline and amorphous phases).  At a foaming temperature of 140 °C (Figure 1.c and d), 

NTP30-PLA70 showed a unique interconnected porous morphology with a pore size of 3.29 µm and cell density of 6.72 x1022 

which can be attributed to the CO2-induced plasticization effect.  Foaming of multi-phase systems offers a great opportunity 

to enhance the properties of porous materials, however, controlling the foaming process can be challenging.  The outcome 

of this study can lead to a wider understanding about the foaming process and resulting morphologies of semi-crystalline 

and amorphous polymer blends. 

mailto:mclay@waikato.ac.nz
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