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Abstract 

 



In this study selected hollow fillers in several polymers and polymer blends have been 

evaluated for use in composite boat decking. Traditionally teak has been the material 

of choice for boat decking, but there are now concerns regarding sustainable 

management of this material. Synthetic polymers now dominate the market, due 

largely to easier installation and maintenance; with PVC being the polymer frequently 

used in boat decking. The decking takes the form of strips, rolls or prefabricated 

panels. A particular focus of recent development has been to enhance thermal 

insulation (reduce temperature underfoot) and lower the density of the material.  

Although hollow glass microspheres tend to be the material of choice to achieve these 

properties, they can be abrasive on processing equipment and difficult to recycle.  

Hence the focus of this work has centred on hollow calcium carbonate in PVC, 

because calcium carbonate is used as a filler throughout the PVC industry. The 

rationale is that end-of-life decking could be more easily close-loop recycled or, regrind 

directed to a wide-range of alternative PVC applications, thereby enhancing 

sustainability of the product. At present hollow calcium carbonate is not in widespread 

commercial production, therefore in this study hollow calcium carbonate was 

synthesised by templating with a cationic polymer (PDADMAC or PDDA) to direct 3D 

assembly of hollow structures. The influence of template concentration, mixing time 

and order of addition of components was evaluated. Both spherical and rhombohedral 

polymorphs of calcium carbonate were produced. The latter was incorporated in 

plasticised PVC at filler fractions of 15 wt.% and 24 wt.%.  The performance of calcium 

carbonate was assessed against hollow glass filler in PVC. In addition, predictions 

using calculations based on volume fraction, for alternative fillers (e.g., cork and 

expanded microspheres), polymers (epoxy and polyester resins) and polymer blends 

(PVC/TPU, PVC/Nitrile rubber, PVC/CPE, PVC/CPVC, PE/CPE, PE/CPVC) were 

undertaken, with a view to optimising product performance.  
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1 Background and General Introduction 

 

1.1  Background 

 

In this thesis materials used as surface covering for the construction and renovation 

of marine vessels are evaluated. Here the surface covering will be referred to as boat 

decking in its wider context and, more specifically as yacht decking. This is to 

distinguish these materials from those labelled marine decking, which includes 

boardwalk and associated marine applications. It is estimated that there are 6 million 

boats, owned, within the EU alone and as such the materials that constitute these 

vessels present a significant environmental footprint. 

The choice of materials for boat decking depends mainly on aesthetics (especially 

those for high-end ocean-going yachts), with the principal driver being the use of wood 

or synthetic materials that simulate its appearance. While teak has traditionally been 

the material of choice for boat decking, synthetic polymers have made significant 

inroads, largely due to easier installation and maintenance. The decking takes the form 

of strips (teak), rolls (synthetics) or prefabricated panels (plywood, teak, or synthetics). 

The difficulties of laying a teak deck usually require professional installation, whilst do-

it-yourself options are available for synthetic deck by following manufacturers 

recommendations. 

Several properties are key to product performance. The decking material must be non-

slip, provide thermal (and sound) insulation, and be resistant to salt water and UV 

exposure. The collection of water beneath the decking should be prevented and this 

is normally achieved using adhesives. Also, water run-off channels must be included 

between adjoining elements, especially around deck fittings. In addition to this, the key 

driver directing current research and development is to reduce the weight of the 

decking (in-line with reducing fuel consumption and costs) and improve environmental 

performance (reduced toxicity, prevention of microplastics and/or enhanced 

recyclability).   

The research presented in this thesis identifies and evaluates materials for boat 

decking with a view to enhanced sustainability. 
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1.2  Materials already used in Boat Decking 

Materials used in boat decking range are wide-ranging. This section begins with a 

review of the important classes of materials used, along with their key properties, 

advantages, and disadvantages. Finally, a window of properties and costs is identified 

by comparing commercial decking products and the potential for more sustainable 

options introduced. 

 

1.2.1 Natural Wood and Wood Related Products 

Wood has been the traditional material used for boat building, including decking, for 

centuries. Wood is a composite of polymer fibres (cellulose and hemicellulose) in a 

polymer matrix (lignin) (Figure 1.1(a)) [1]. Wood is still one of the best engineering 

materials in current use. The alignment of cellulose nano and microfibrils at 

approximately 45 degrees produces a fibre that is wound in a similar manner to a rope. 

When embedded in lignin the fibres result in an anisotropic structure that has high 

directional strength (depending on whether forces are parallel or perpendicular to the 

grain) (Figure 1.1(b)). 

 

Figure 1.1 The structure (a) and composition (b) of wood (Reproduced from [2]) 
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Hardwood was the early material of choice for boat decking, due to mechanical 

property requirements and weather resistance. It is important to recognise that the 

names hardwood and softwood can be misleading: softwood isn’t always harder than 

hardwood and voice-versa. Instead, hardwood (e.g., oak, teak, mahogany) comes 

from deciduous trees (leaves are shed in winter), while softwood (e.g., pine, spruce) 

comes from evergreen trees. The comparison of general characteristics between 

hardwoods and softwoods given in Table 1.1 below show why hardwoods have been 

prevalent in boat-decking. 

 

Table 1.1 General comparison of the properties of hardwoods and softwoods 
important in boat decking   

Hardwood Softwood 

• Darker colour 

• Heavy 

• More expensive 

• Lifetime several decades 

• Natural weather 
resistance 

• More environmental 
impact source material 

• Lighter colour 

• Lighter weight 

• Less expensive 

• Lifetime over a decade 

• Weather resistant when 
treated 

• Less environmental 
impact source material 

 

 

1.2.1.1 Teak 

Teak is a slow-growing tropical hardwood. Because teak is resistant to rot by fungi 

and mildew, has a low shrinkage ratio to fluctuating moisture levels, high tensile 

strength, and tight grain, it has been the boat-building material of choice for over 2000 

years. Furthermore, it has high levels of teak oil, close to surfaces when planks are 

cut, providing a natural oiled finish, giving untreated teak an attractive silver-grey 

appearance on weathering (Figure 1.2 (a)). The natural wearing also removes the 

‘summer’ growth bands, resulting in a natural non-slip surface. However, in practice 

the teak oil is removed during maintenance by sanding and cleaning processes and 

to facilitate gluing and re-caulking. Treating with finishing agents such as linseed oil or 

varnish enhances the appearance of the teak (Figure 1.2 (b)), but this changes the 

innate properties and shortens lifetime. Other problems have also driven the 
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replacement of teak. One of these is that teak absorbs heat making it uncomfortable 

to walk on in bare feet in hot climates. However, the main issue is, being slow growing, 

poor forestry practice often negates sustainable management of this important 

resource. Most of the native teak forests are located, in Myanmar, Laos and India, 

according to molecular genetics [3]. 

   

(a)                                        (b) 

Figure 1.2 Appearance of Teak Boat-Deck (Reproduced from [4]) 

 

1.2.1.2 Modified Softwood 

In contrast to hardwoods, softwoods require treatment before they can be used for any 

length of time in a harsh ocean environment. Most softwood used is pine (fast growing 

and sustainably harvested), treated by either acetylation (e.g., Accoya) or resin (PUF) 

impregnation (Lignia) (Figure 1.3). These processes improve durability (UV and 

water and fungal attack) and dimensional stability. It is claimed that these treatments 

can extend the material lifetime to 50 years. They are also faster to dry when wetted 

than teak, but the costs associated with laying a deck are similar. 

 

 

Figure 1.3 Appearance of Lignia Boat-Deck (22-year-old resin impregnated) 

Monterey pine boards) (Reproduced from [5]) 
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There has also been significant interest in wood-plastic composites. These products 

are currently used in boardwalk applications. However, the material composites, in 

present commercial production, do not meet the stringent property requirements for 

boat decking (dimensional stability and durability). Furthermore, they offer little in the 

way of additional engineering benefits. This is not surprising because the addition of 

wood (short fibres, flour) serves more as a filler, rather than as an embedded (long) 

fibre offering directional reinforcement.   

 

1.2.1.3 Cork 

Although considered a wood product, in contrast to the structure of wood, cork consists 

of hexagonal (or pentagonal) cells with a highly porous structure, like a honeycomb 

(Figure 1.4). There is a complex cell wall, with the primary layer being abundant in 

lignin, the secondary layer built from alternating suberin and wax deposits and a thin 

tertiary layer of polysaccharides. Suberin is a biopolymer based on polyester, which is 

formed from suberin acids (long-chain fatty acids) and glycerol. The suberin and wax 

render this material highly impermeable to water. In addition, the cells are filled with 

an air-like gas mixture. This gives the cork buoyancy (low density), an ability to recover 

after compression and, good thermal insulation. 

 

Figure 1.4 Porous, honeycomb structure of cork (Reproduced from [6]) 
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Cork is usually stripped from the trunks of trees every 9 years, after they are 25 years 

old. Because the cork tree is not cut down, cork is widely regarded as environmentally 

sustainable [7]. Most cork is found in Portugal (34%) and Spain (27%), but there are 

about 2.2 million hectares of cork forest worldwide [8]. 

In practice, the cork used in boat-decks is a composite of cork granules embedded in 

a synthetic binder (e.g., polyurethane), pressed together under high pressure (see 

Figure 1.5). Cork’s inherent resilience means that it is noticeably better than teak at 

resisting wear and abrasion. As for teak it takes on a grey hue on weathering, but 

unlike teak it can be sanded back to reveal the original colour with little loss of 

properties. The size of the cork grains is important though, with larger cork grains 

offering better impact properties. 

 

 

Figure 1.5 Appearance of Cork Boat-Deck (polyurethane resin binder) 

(Reproduced from [9]) 

 

1.2.2 Synthetic Polymer-Based Products 

 

1.2.2.1 Closed-Cell (expanded) Foam 

The foams used in boat decking typically use PE (polyethylene) and/or EVA 

(ethylene vinyl acetate). These foams are closed-cell, rather like the cell 

structure of cork (in Figure 1.4). Figure 1.6 compares the structures of open-

cell and closed cell foam. In open-cell foams the connected porous pathways 

yield a softer, more flexible foam that is more friable and less durable than 

closed-cell foam. Closed-cell foam is firmer, more rigid and insulating to air. 
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Figure 1.6 Structure of open-cell and closed-cell foam (Reproduced from [10]) 

 

The foam structure is partly determined by the base polymer and partly by the 

method of manufacture. The manufacturing process pumps gas (usually 

nitrogen) at high pressure into liquid polymer or by adding gas-forming agents 

(blowing agents) into the polymer. The packing and size of the (irregular) gas 

bubbles determine the density and rigidity of the foam. Because of the gas-filled 

closed-cell structure the foam is waterproof, durable, easy to manipulate and 

cut to required shapes and sizes. It is cushioned underfoot, has good grip and 

shock absorbing properties. It can be rolled for easy transport, but when affixed 

to the boat deck gives the appearance of a rigid, wood-based product (Figure 

1.7).  

   

Figure 1.7 Appearance of EVA and PE Boat-Deck (closed-cell foam) (Reproduced 

from [11]) 
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1.2.2.2 Thermoset Resins and Resin Composites 

Thermosets comprise at least two components; the polymer resin (Part A) and a co-

reactant, referred to as hardener or curing catalyst (Part B). The ratio of these two 

components influences the curing behaviour and properties of the thermoset. The 

components are liquids or low melting constituents that solidify after mixing when 

cross-linking reactions take place (curing). 

 

Epoxy-resins are commonly used for this purpose. The oxirane ring in the epoxy 

structure is strained, so this functionality is highly reactive to network formation by 

reaction with the hardener (Figure 1.8).  

 

 

Figure 1.8  Reactive components of an epoxy resin: Epoxy bisphenol A diglycidyl 

ether and diamine hardener. 

Ring-opening of the oxirane generates an OH-group that undergoes nucleophilic 

attack by the hardener (e.g., amines, anhydrides, phenols) to generate cross-links. 

This is illustrated in Figure 1.9 for the NH-group of an amine. Using polyfunctional 

amines a rigid three-dimensional network is formed. 

 

Figure 1.9  Crosslinked network structure of bisphenol A diglycidyl ether and 

diamine hardener. 
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Other resins are based on unsaturated polyesters, and polyurethanes. Older resins 

may be based on phenolic resins (melamine-formaldehyde, urea-formaldehyde). 

The advantage of such thermoset resins is that they can be manufactured in a 

seamless manner, i.e., the caulking doesn’t go right through the decking strips, so 

water resistance (by leakage) is prevented (Figure 1.10). 

   

 

Figure 1.10 Polyurethane resin bound cork granules with caulking in top layer 

 

Due to health and environmental concerns with bisphenol-A and the difficulties of 

recycling thermosets, recent decking has utilised bio-based resins. The finished 

appearance of the bio-based thermoset decking is seen in Figure 1.11.   

 

 

Figure 1.11 Appearance of decking based on bio-based thermoset materials 
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1.2.2.3 Thermoplastics and Thermoplastic Composites  

A large part of the market for boat decking is now occupied by PVC and PVC-Based 

composites. Here plasticised PVC (PVC-P) is used for flexible flooring profile and 

unplasticized rigid PVC (PVC-U) for rigid planks. The main asset of PVC is that by 

using only a few types of resin and adding plasticisers, additives, and modifiers, it can 

be tailored to give a wide range of physical properties (flexibility, elasticity, impact 

resistance). Typical PVC-P and PVC-U formulations are given in Table 1.2. 

Table 1.2 Generic compositions of flexible and rigid PVC formulations [12] 

 Flexible PVC (PVC-P): 
%  

Rigid PVC (PVC-U): 
%  

PVC Polymer 50-95 50-95 

Plasticiser 0-50 0 

Stabiliser 0.2-5 0.2-5 

Lubricant 0.1-2 0.1-2 

Filler 1-50 1-50 
Reinforcement 0-10 0-10 

Pigment 0-5 0-5 

Other additives 0-5 0-5 

 

PVC is polarisable (electronegative chlorine substituent on the main chain) and 

hydrophobic (Figure 1.12).  

  

Figure 1.12 Macromolecular chain structure of PVC showing polar chlorine 

substituent (green spheres) 
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Its ability to mix well with plasticisers, additives and modifiers is largely due to its 

amorphous structure (Figure 1.13). Because PVC is amorphous with a glass transition 

of around -50oC, it shows little shrinkage on cooling. 

 

Figure 1.13 Molecular structure of general-purpose polyolefins, including PVC 

(Reproduced from [13]) 

 

The type of PVC resin is determined by its molecular weight and degree of 

polymerisation which determine its viscosity (K-value). Melt viscosity dictates the 

processability of a thermoplastic. PVC is selected for extrusion and calendaring 

because its viscoelastic behaviour is less dependent on temperature.  

In addition, PVC lends itself to extensive secondary processes. It can be embossed, 

and surface treated. Here embossing tools readily create the textured surface that 

mimics wood grain. On-site workability facilitates laying decking for example, bending, 

welding and ability to apply adhesives. 

 

1.2.3 Adhesives 

The adhesive is not the main consideration in this project, but it does warrant a brief 

consideration since it is required to prevent water seepage and to stick the deck to the 

hull. Ideally this needs to compensate for production tolerances, requiring high gap 

filling. Durability and mechanical resistance to the stress of the join is crucial, i.e., 
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balanced optimisation of strength and flexibility, compensating for thermal expansion 

of different materials and dynamic loads. The elongation at break should be >100%. 

A fast cure process between 10-60 minutes is also preferable. Typical urethane and 

epoxy adhesives are used. For flexible EVA/PE foam applications, peel-back pressure 

sensitive adhesives are often applied to aid layout and can be fitted to GRP, wood, 

and steel surfaces.  

 

1.3 Fillers used to Modify Properties of Synthetic Polymer-Based Products 

 

1.3.1   Solid Particulate Fillers 

Particulate fillers are usually finely ground inorganics, for example chalk, silica, and 

clay. Originally the purpose of a filler was to act as a bulking agent (extender) to reduce 

costs, but for today’s plastic composites this is a misnomer. Except for calcium 

carbonate, fillers increase material costs. The addition of a filler changes most of the 

properties of the base polymer. The key improvements afforded by a ‘functional’ filler 

depend on its particle size and aspect ratio, and in this context whether it is isotropic 

(properties independent of direction) or anisotropic (direction dependent properties). 

(Table 1.3).  

 

Table 1.3 Influence of filler aspect ratio on mechanical properties of selected filler 

types in a thermoplastic polymer composite [14] 

 

HDT = Heat Defection Temperature 
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The ‘Aspect Ratio’ of a particle is the ratio of its longest dimension to shortest 

dimension, e.g., the Aspect Ratio (L/D) for rod-like particles is the ratio of length (L) to 

the diameter (D). 

Table 1.4 gives the main types and properties of particulate fillers used in thermosets 

and thermoplastics. 

 

Table 1.4 Aspect Ratio and properties of common particulate fillers used in 

thermosets and thermoplastics. (Derived from [15])  

 

 

For spherical particles (e.g. calcium carbonate or glass spheres) the shape of particle 

increases stiffness somewhat, decreases strength slightly and has least effect on 

impact resistance and elongation to break. A key advantage is that properties are 

altered equally in all three directions (x, y & z), reducing warpage. 
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Needle shaped (fibrous) particles typified by wollastonite (Table 1.4) can reinforce 

plastics if the aspect ratio is high enough and if they are well bonded to the surrounding 

polymer: the higher the aspect ratio the better the reinforcement.  

 
Platy particles for example talc and mica (Table 1.4), can also reinforce and the higher 

the aspect ratio, the more effective they are. They reinforce along both the long 

dimensions of the plate, whereas a fibre only reinforces along its one long dimension. 

That is, plates are more effective than fibres with the same aspect ratio. Platy fillers 

also lead to more isotropic shrinkage, i.e., less warpage. However, high aspect ratio 

leads to poor impact resistance and lower elongation to break. This implies that fibres 

and plates act as imperfections. The reason is the long dimension is likely to be over 

the 10-20 micron limit, where stress concentrations are high, facilitating crack initiation 

and failure.  

Finally, the aspect ratio that matters is not the one from the datasheet which describes 

the as-supplied filler. What does matter is the aspect ratio of the particles inside the 

final composite material because that is what affects mechanical (and other) 

properties. It is therefore vital to ensure the particles are not broken down, decreasing 

aspect ratio, during handling and compounding.  

An example of the interplay between particle size, aspect ratio and properties, is given 

for calcium carbonate filled PVC in Figure 1.14. The interplay between the physical 

and chemical properties of the particulate filler and polymer are used to improve 

processing, mechanical properties, and flame retardancy. However, it should be noted 

that on addition of a filler some properties may be enhanced at the expense of others.  
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Figure 1.14 Influence of particle size and aspect ratio on properties of calcium 

carbonate filled PVC (adapted from [16]).  

 

The ‘Rule of Mixtures’ can be used to predict properties of the filled composite, on the 

basis that properties are likely to lie between those of the filler and polymer ([17], see 

Section 3.3.5). Note that when examining the relationship between property changes 

and amount of filler added, expressing the latter as volume fraction (or percent) rather 

than weight fraction is more meaningful [18]. Where unexpected interactions between 

the filler and polymer arise more complex mathematical models are required to predict 

properties [19].  

In the specific case of PVC, ground (GCC) or precipitated (PCC) calcium carbonate, 

of varying particle size (coarse, fine, ultrafine), is the most used filler (Table 1.5). 

Calcium carbonate improves compounding by dispersion of additives into the PVC 

powder. Processing is improved because there is more homogeneous flow in the 

blended powder. To further enhance processing and properties the fillers may be 

coated (with stearates or coupling agents). By careful selection of these parameters, 

other costly additives, such as impact modifiers, can be reduced [20].  
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Table 1.5 Estimated use of calcium carbonate used in PVC in Europe 

(Derived from [21]) 

Application Grade of calcium carbonate kilo tonnes 

PVC Cables Medium and fine coated and uncoated 250 

PVC flooring Ultrafine coated, fine, and very fine 177 

PVC flexible Fine, coated, and uncoated 133 

PVC-U extrusions Ultrafine and fine coated 110 

PVC-U windows/profiles Ultrafine coated 80 

PVC plastisols Precipitated, ultrafine coated, fine and 

coarse 

25 

 
 

Calcium carbonate is already widely used in PVC floor tiles and homogeneous 

flooring. In the former case, coarse calcium carbonate (GCC) with an average particle 

size 15 m and having a broad particle size distribution is used giving better 

dimensional stability and reduce water uptake. In the latter case, finer calcium 

carbonate (PCC) is used because its narrower particle size distribution, and fewer 

large particles, reduces loci that act to concentrate stress in the polymer matrix. 

However, most solid particulate fillers increase the density of the final composite 

material and so have limited value in lightweight applications. Because of this, hollow 

fillers have made inroads into composite applications. 

 

1.3.2  Hollow Particulate Fillers 

 

Hollow particles (microspheres, also referred to as micro-balloons; or nanospheres) 

have distinct properties exhibited by low bulk density; high thermal and acoustic 

insulation; high surface area and surface permeability. With the appearance of fine 

powders, microspheres range from 12 to 300 m in diameter. Microspheres are 

commonly grouped according to their material class: polymers; ceramics; glass. 

However, it is more useful to characterise them according to their properties (density, 

crush strength, particle size and shape), which warrants a more detailed inspection. 
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1.3.2.1 Composition of Commercially Available Microspheres 

 

Several manufacturers produce hollow microspheres that are usually white or grey 

free-flowing powders in appearance. Of the three main types of microspheres glass 

and plastic microspheres are the most prevalent in lower cost applications. Hollow 

glass microspheres are generally produced by using a spray nozzle technique and 

hollow thermoplastic microspheres are usually manufactured by an emulsion 

polymerisation process. Glass microspheres can also be produced by processing 

(expansion of) perlite [22]. In the case of perlite, the hollow structure is multicellular, 

unlike engineered glass microspheres which consist of a single closed cell. 

Hollow glass microspheres are the dominant type of microsphere in commercial 

markets. Table 1.6 gives typical properties for the range of hollow glass spheres 

provided by the manufacturer 3M 

Table 1.6 Typical properties for the range of hollow glass spheres manufactured 

by 3M (Reproduced from [23]) 

 

It has been reported that polypropylene containing iM30K showed improved material 

flow, better dimensional stability and a 16.8% reduction in weight for a 50% cost 

reduction c.f. talc filled polypropylene ([24]). 

In contrast, plastic microspheres are some of the lightest microspheres available, with 

densities as low as 0.025 g/cm3. Although they have lower compressive strength 

because high pressures cause the spheres to flatten not burst, they are much less 

susceptible to crushing. Furthermore, when the pressure is removed, they often have 

sufficient elasticity to recover. This property is also of value in mitigating expansion 
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and contraction of hollow plastic sphere filled composites when subjected to fluctuating 

temperatures during winter and summer seasons.  

Plastic microspheres are manufactured from a very thin thermoplastic shell (e.g., 

copolymers of vinylidene chloride, acrylonitrile, or methyl(methacrylate)) that 

encapsulates a blowing agent (e.g., isopentane or isobutene) that softens and 

expands (up to 40x) when heated. On removal of the heat the shell stiffens to leave 

the expanded form as a hollow sphere (20-150 m). Expansion temperatures lie 

between 80oC to 190oC, so well within the processing range of polyolefins. Such 

plastic hollow microspheres can give 38% reductions in density at concentrations as 

low as 3 wt.%. ([25]) 

 

  
1.3.2.2 Density, Wall Thickness and Crush strength 

Because they are hollow, microspheres are susceptible to crushing at high pressures 

and shear. This is particularly the case during manufacturing processes (e.g., 

compounding, extrusion). Wall thickness is the main factor controlling the density and 

crush strength of the microsphere. Generally, the thicker the wall the stronger the 

sphere. The wall thickness of the particles is about 10% of their diameter ([26]), the 

latter having dimensions which range between 20 to 100 μm (d50). However, it should 

be noted that the narrow size distributions of individual product types differ widely. The 

spherical shape has a uniform curvature so that any applied force causes the least 

stress concentration provides maximum crush strength. The bulk densities of hollow 

microspheres generally vary between 0.1 and 0.7 g/cm3 and thus are clearly below 

those of conventional fillers. Typical densities by product type are given in Table 1.7 

and crush strength versus density of hollow glass microspheres in Figure 1.15. 

 

Table 1.7 Typical densities of hollow microspheres by material class 

Microsphere Material Structure Density (g cm-3) 
Glass hollow 0.15-0.6 

Ceramic hollow 0.7 

Plastic unexpanded 0.1 

Plastic expanded 0.01 
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Figure 1.15 Isostatic crush strength versus density of hollow glass spheres (3M). 
The number in the coloured circles indicates the average diameter. 
(Reproduced from [27]) 

 

 

1.3.2.3 Particle Size and Shape 

Particle size determines, along with wall thickness, the density of the microsphere. 

There is an optimisation required between particle size and wall thickness because 

larger particles are unable to withstand the high shear rates and faster screws in many 

compounding and extrusion operations. Therefore, smaller particles are more 

attractive for processing but there may be a trade-off in terms of weight reduction 

(density). 
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1.3.2.4 Temperature 

The maximum operating temperatures during processing and service-life are 

important particularly for plastic microspheres. In the case of polyethylene 

microspheres melting point is in the range 110-130oC, depending on molecular weight. 

Here the melting phase transition is fast, so spheres could be used as a temporary 

filler and melted away to create cavities for a ‘foam-type’ (syntactic) matrix. 

Temperature is also important in the selection of expanding plastic microspheres 

(essentially thermoplastic microspheres encapsulating a gas, which when heated 

cause the gas to expand while the shell softens giving a dramatic increase in volume 

(Figure 1.16). 

 

Figure 1.16 Schematic of relative volume change in an expanding plastic 

microsphere (Reproduced from [28]) 

 

1.3.2.5 Cost 

In general, expanding polymer microspheres are more costly than glass microspheres 

which in turn cost two to three times more than chopped glass fibre 

However, it should be borne in mind that fillers should really be costed on a per unit 

volume basis because they can displace a large volume of higher-density material at 

very low weight. That is, if the microsphere is twice the cost of the existing filler or resin 

that it is to replace, the considerable reduction in density means that for a given volume 

the price differential between the two options is negligible. For example, a microsphere 

with a density of 0.6 g cm-3 displacing polymer with a density of 1.15 g cm-3. 
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There is also the issue of the compatibility of the filler (whether solid or hollow 

particulate) with the polymer matrix. Poor adhesion with the matrix may necessitate 

the use of coupling agents, with additional costs for the final compound. 

 

1.4 Comparison of Properties and Costs of Commercial Decking Materials 

When planning a new product, selection of suitable materials is based on achieving 

the best match between properties and design. Once product shape and any fixed 

dimensions have been decided, constraints on performance must be identified. For 

example, for boat-decking function constraints include a lightweight, inexpensive 

material, with good thermal insulation, that is sustainable and recyclable. This section 

compares the key properties and costs for a range of commercial decking materials. 

Here Ashby plots ([29]) are used to better define the range of properties and costs of 

materials currently used, to set a benchmark for further studies (see Section 3.2.5). 

Although this method does not provide the detailed materials engineering performance 

of CAD-Finite Element Analysis software, it does allow an effective first screening of 

materials. Here scatter plots are employed to display two (or more) properties and the 

ratio between properties. The value of this approach is given in Figure 1.17. Note that 

where different classes of materials are compared the wide-range of property values 

necessitates the use of a log-log scale. However, for materials within a given class this 

may not be required. After describing the material’s function and applying constraints 

on performance, material indices are defined.  
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Figure 1.17 Ashby plot for Youngs’ modulus, E, (GPa) versus strength, f, (MPa) 
for common classes of materials. (Reproduced from [30]) 

 

1.4.1 Weight 

Although decking represents a fraction of the total weight of a boat, it does have a 

bearing on performance. For sail boats, lower deck weight means lower centre of 

gravity of the boat (i.e., less weight is sited over the water line), reducing keeling. For 

motorboats, which have wider decks, it follows that more material is needed, but the 

main issue is if boats have a flybridge. A lower weight on the flybridge means lower 

rolling of the boat. Figure 1.18 illustrates that there are a wide range of densities 

consistent with the types of materials used in commercially available decking. 
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Figure 1.18 Densities of boat decking materials, kg/m3 (Data averaged, derived 

from a range of specification sheets of commercial materials, N.B. 

values are influenced by specific additive formulations)  

 

Figure 1.19 compensates for typical thickness of the decking and uses the more 

useful weight of boat decking per m2 of layout. Here it can be seen that there is a 

reduction in weight when moving from wood to synthetic polymers, but the greatest 

weight reductions are seen for materials that contain hollow voids within the structure. 
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Figure 1.19 Weight of boat decking materials, kg/m2 (Data average, derived from a 

range of specification sheets for typical thickness of commercial 

materials)  

 

The density of decking material also influences fuel consumption during transport 

between producer and fabricator. Just as important is the influence of density on other 

factors such as mechanical properties and thermal conductivity. 

 

 

 1.4.2 Mechanical Properties 

Although boat decking is usually a ‘supported’ covering (i.e., adhered to the pre-

formed resin deck) the mechanical properties of the material are relevant to its 

performance. Key general mechanical properties include modulus and strength 

(Figure 1.20). The elastic modulus (E) affects how the material deflects (changes it 

dimensions) under a load, while the strength of the material governs the stress it can 

withstand before it fails. Prior to the elastic limit the material can deform and return to 

its original shape. Yielding is a gradual failure going through irreversible plastic 

deformation which is not usually catastrophic to ultimate failure at fracture. Where non-

linear behaviour makes it difficult to define the elastic limit, the offset yield point is 

calculated as the stress at which 0.2% plastic deformation occurs. Characteristic 

stress-strain curves for thermosets (brittle plastic), thermoplastics and elastomers are 
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given in Figure 1.20 and Figure 1.21. [31]. Ashby plots for Youngs’ modulus versus 

density and Strength versus density are given in Figure 1.22 and Figure 1.23 

respectively. Within the elastic region thermoplastics, elastomers and foams offer 

acceptable light weight and strength for use in boat decking. 

  

Figure 1.20 Characteristic stress-strain curve for a thermoplastic polymer. (From 

[32]).  

 

 

Figure 1.21 Characteristic stress-strain curve for polymer-based materials. (From 

[33]).  
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Figure 1.22 Ashby plot for Young’s modulus, E, (GPa) versus density, , (g/cm3) for 
common classes of materials. (Reproduced from [34]) 

 

 

Figure 1.23 Ashby plot for strength, f, (MPa) versus density, , (g/m3) for common 
classes of materials. (Reproduced from [35]) 
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1.4.3 Thermal Properties and Surface Temperature Underfoot 

Boat decking needs to be cool enough to touch, such that summer heat doesn’t burn 

feet when walking across the floor. The thermal conductivity (Figure 1.24) and 

diffusivity (Figure 1.25) of the material selected are therefore important. In addition, 

the material should show little thermal expansion or contraction during use, which 

could lead to distortion and the creation of stresses with the underlying adhesive 

(Figure 1.26). 

Thermal diffusivity () indicates how fast heat diffuses into the material (i.e. the 

relationship between heat transferred and heat stored), while thermal conductivity (k, 

λ or κ) indicates the rate of heat transfer per unit area and per unit temperature 

gradient (i.e., the ability of the material to conduct heat). Materials with low thermal 

conductivity are insulators and have a cooler feel underfoot. 

 
 

 

Figure 1.24 Thermal conductivity, ,  (W/m.K) of boat decking materials (Data 

average, derived from a range of specification sheets for commercial 

materials, N.B. values are influenced by specific additive formulations)  
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Figure 1.25 Thermal conductivity, ,  (W/m.K) versus thermal diffusivity, a, (m2/s) 

for natural materials, polymers, elastomers, foams, and composites 

(Adapted from [36]).  

 

From Figure 1.24 and Figure 1.25 more porous materials, especially foams, have the 

lowest thermal conductivities. Unfortunately, foams have poor mechanical properties. 

Similar thermal insulation may be afforded by a closed-cell structure like cork in a resin 

matrix, but this may have issues of wear and recyclability. Composites with hollow 

sphere fillers therefore present a possible way forward offering thermal insulation with 

better mechanical properties. However, it should be recognised that the heat transfer 

process in porous materials is complex, especially for polymer composites. To make 

an effective selection of filler and polymer (resin) it is important to understand the 

mechanism of heat transfer. There are three mechanisms of heat transfer for hollow 

filler polymer composites: thermal conduction between the solid polymer and gas 

within the sphere; thermal radiation between the hollow microsphere surfaces; and 

thermal convection of the gas within the microsphere. Several researchers have 

derived equations to calculate an effective theoretical thermal conductivity of porous 

composites [37] [38]. 
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Also, the pigments incorporated in a specific formulation are important, darker colours 

absorb more heat than lighter colours. Figure 1.26 depicts thermal expansion versus 

thermal conductivity demonstrating that foams show a relatively high thermal 

expansion despite their low thermal conductivity. It also suggests that fibrous fillers 

when embedded in a resin matrix (e.g., wood – cellulose fibres in a lignin resin) can 

reduce both thermal expansion and thermal conductivity. Although this depends very 

much on the fibre, exemplified by CFRP (carbon fibre reinforced polymers) versus 

GFRP (glass fibre reinforced polymers). Such composites are also difficult to close-

loop recycle. 

 

Figure 1.26 Thermal expansion, , (strain/K) versus thermal conductivity, ,  

(W/m.K) for natural materials, polymers, elastomers, foams, and 

composites (Adapted from [39]).  
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1.4.4 Hardness (or Softness), Wear Rate and Durability 

Further to general mechanical properties specific types of mechanical property are 

important for boat decking materials. During service life the decking is subject to 

scratching, cutting, abrasion, indentation, or puncture. Here the hardness of the 

material, which is closely related to strength, and wear resistance are important. In 

conjunction with this, the texture and softness of the material, along with skid-slip 

resistance when dry and wet (especially when barefoot) is a vital health and safety 

measure. Figure 1.27 illustrates that filled thermoplastics offer the hardest materials 

with lowest wear rate constant. However, it should be appreciated that a balance must 

be made between these properties and softness underfoot for boat decking. 

 

 

 

Figure 1.27 Wear-rate constant, Ka, (1/MPa) versus hardness, H, (MPa) for 

polymers and elastomers (Adapted from [40]).  
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1.4.5 Costs 

Choice of materials is invariably linked to costs, with different materials being selected 

depending on route to market, e.g., high-end yachts, small boats, large vessels. From 

Figure 1.28 polymer resin costs per unit volume are higher for thermoset-based 

materials (urethane, epoxy) compared to commodity polyolefins (PVC, PE, PP) and 

butyl rubber.   

 

Figure 1.28 Approximate cost per unit volume(£/m3) for polymers and elastomers, 

(Adapted from [41]).  

 

The typical (installed) cost of real teak decking is £500-600/m2, with synthetic teak 

(e.g., PVC) ca. £200-300/m2. A similar price is given for cork decking (£200-300/m2), 

highlighting the fact that the relative costs of filler (cork) and polymer matrix 

(polyurethane) are important in determining overall price. Foam decking is the cheaper 

alternative (£150-200/m2), but it should be borne in mind that longevity is not taken 

into consideration for the materials quoted [42].  
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1.5 The drive towards more sustainable materials 

 

Of the materials reviewed in the introduction, natural woods are limited by appropriate 

sustainable management and, because they are treated (stained, varnished) 

legislation restricts recycling or incineration at end-of-life. In contrast, for 

thermoplastics, though PVC, PP and PE have traditionally been produced from fossil 

oil, novel bio-based products are entering markets and have comparable properties. 

Bio-based PP and PE are made from natural materials such as corn, sugar cane, 

vegetable oil and other biomass. Ideally the biomass is utilised from second generation 

cellulosic or vegetable oil waste, rather than first generation food crops. For PVC the 

introduction of bio-attributed resources to existing production lines has been driving 

industry towards recognition of this polymer as an eco-product [43]. Furthermore, PVC, 

PP and PE have established recycled material markets and the potential to offer 

closed-loop recycling options. Although it is difficult to recycle thermosets, recently 

there has been a drive towards fully bio-based high-performance thermosets with 

closed-loop recyclability [44].  

From the overview of the materials used in boat-decking presented in this chapter, 

clear opportunities exist to produce more sustainable products. Here both the polymer 

matrix and additives could be derived from bio-based or widely available mineral 

resources, with the capability of being fully recyclable or undergo natural degradation 

to generate benign environmental products 

Although hollow glass spheres (HGS) are currently in use in numerous composite 

applications there are difficulties presented by material handling, abrasive wear on 

equipment during processing and recycling.  There is however the potential to replace 

(wholly or partially) calcium carbonate solid particulate filler with hollow calcium 

carbonate. As a potential filler material calcium carbonate is attractive because of its 

global availability (as limestone), low toxicity and biocompatibility. Furthermore, it is 

already the most widely used filler by the PVC industry, any hollow calcium carbonate 

based recyclate thus has the potential to feed into a range of PVC products. Although 

hollow calcium carbonate is not widely available for commercial applications there has 

been much interest in synthetic methods that are able to be upscaled, with costs that 

are competitive with solid particulate calcium carbonate. The aim of this project is to 
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develop such a method and test the product in polymer-based boat-decking 

formulations. 

 

1.6 Hollow Calcium Carbonate as an Alternative Filler 

1.6.1 Overview of Methods to Produce (Hollow) Calcium Carbonate 

As stated in Section 1.3.1 calcium carbonate (CaCO3) is well-established as a filler in 

PVC applications.  

Calcium carbonate can solidify to form chains, needles, flakes, cubes, spheres, and 

spindles from its four different polymorphs: calcite, aragonite and vaterite and 

amorphous calcium carbonate (ACC). The crystalline polymorphs are illustrated in 

Figure 1.29.  

 

 

Figure 1.29 Crystal structures of CaCO3: calcite, aragonite and vaterite. 

(Reproduced from [45]) 
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Compared with the other polymorphs the ACC phase tends to seed crystal growth of 

the other polymorphs and is unstable (Figure 1.30).   

 

Figure 1.30 Schematic diagram of phase transformations in CaCO3 crystallisation 

 (Reproduced from [46]) 

 

The characteristic shapes of calcium carbonate particles are illustrated in Figure 1.31.   

 

Figure 1.31 Typical morphology of CaCO3 particles (Reproduced from [47]) 

 

In the absence of additives spherical microparticles are formed, which are 

homogeneous and highly porous, c.f. the rhombohedral crystals typical of calcite. 

Consequently, additives are used to direct synthesis, a process often referred to as 

templating. The additives have a significant influence on the morphology, crystal 

structure and particle size of the calcium carbonated formed.  

Attempts to control the crystallisation process and phase transformation, have adopted 

facile synthetic methods, for preparation of both solid and hollow particulate calcium 

carbonate. Most fall into four main categories (spontaneous precipitation, carbon 
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dioxide bubbling, slow carbonation, reverse (W/O) emulsion), as depicted in Figure 

1.32. 

 

 

Figure 1.32 Key methods for the synthesis of CaCO3: (a) the spontaneous 

precipitation method, (b) the slow carbonation method, (c) the reverse 

(W/O) emulsion method, and (d) the CO2 bubbling method. (Reproduced 

from [48]) 

 

1.6.1.1 Spontaneous precipitation 

Spontaneous precipitation is usefully illustrated by natural processes, where calcium 

carbonate formation is facilitated by protein-based templates. In biomineralization, 

ACC is stabilised by acid-rich glycoproteins serving as the precursor for a regulated 

transformation into the crystalline forms seen in nature, e.g., mollusc shells [49].  

In the laboratory, hollow calcium carbonate spheres have been most successfully 

produced by spontaneous precipitation when using combinations of polymer and 

surfactant templates (additives). Across the published studies (36-32), polymer 

concentrations range from 0.2-10 g L-1 and surfactant concentrations from 1-20 mM. 

with pH 10, where reported, and temperatures in the range 20-30oC, with reaction 
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times from 1 to 24 hours. Table 1.8 gives examples of polymer-surfactant 

combinations and the resultant polymorphs and particle size formed for the hollow 

spheres. 

 

Table 1.8 The influence of additive type on morphology, crystal structure and particle size 

of hollow shell calcium carbonate 

Additives Morphology Polymorph Size (m) Ref 

Pluronic F127, SDS Hollow spheres Calcite 3-4 [50] 

PEO-b-PMMA Hollow spheres Calcite 3.4 [51] 

PEG, SDS Hollow spheres Calcite, Vaterite 3-6 [52] 

PVP, SDS Hollow spheres Calcite 2-3 [53] 

PSMA, CTAB Hollow spheres Calcite (96%), Vaterite (4%) 2-3 [54] 

 

  

1.6.1.2 Slow carbonation precipitation 

For precipitation by slow carbonation studies in the literature show that the Ca2+ 

concentration ranges from 10-20 mM, with the CO2 source being (NH4)2CO3. 

Temperatures are around 25oC and pH 8-9 and reaction times vary from 10 hours 

(PAA) to 120 hours (phytic acid) (Table 1.9). 

 

Table 1.9 The influence of additive type on morphology, crystal structure and particle size 

of hollow shell calcium carbonate 

Additives Morphology Polymorph Size (m) Ref 

 PAA (20 ppm) Hollow spheres Vaterite 1 [55] 

 Phytic acid Hollow spheres ACC 1-3 [56] 
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If the temperature is increased to 80oC, particle diameters are increased to 4-7 m. In 

one study [57], sodium carbonate and calcium nitrate were reacted in the presence of 

PAA (molecular weight 8000 g mol-1) and SDS. Here the authors proposed an 

alternative formation mechanism for the hollow shell calcium carbonate formed 

(Figure 1.33). It was considered that according to Fick’s first law and Ostwald ripening 

the ACC formed diffuses to the outer surface, with spheres initially formed by 

electrostatic interactions between the PAA and SDS with Ca2+ ions [58]. 

 

Figure 1.33 Schematic diagram to represent the formation of hollow shell calcium 

carbonate. (Reproduced from [59]) 

 

1.6.1.3 Reverse (W/O) emulsion 

Thermodynamic dispersions of water and oil, stabilised by interfacial layers of 

surfactants, are named reverse W/O emulsions. The addition of Ca2+ and CO3
2- forms 

micelles, which allow a more controlled precipitation to form micro and nano-sized 

particles that have various shapes and morphologies, but with narrow particle size 

distribution. Kojima and co-workers identified hollow CaCO3 by adsorption of CaCO3 

onto an octane droplet surface dispersed in CaCl2 solution [60]. 

 

1.6.1.4 Carbon dioxide bubbling 

In contrast to the slow carbonation method which uses carbonate salts as an indirect 

source of CO2, the main process used by industry to produce calcium carbonate is to 

use CO2 gas by direct bubbling into Ca(OH)2 [slaked lime] at high pH. This produces 

aggregates of nanosized calcite of cubic or rhombohedral morphology which can be 
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used as fillers for polymers. However, particles produced using this method though 

they have porosity are not hollow shells. To produce the latter CO2 is bubbled into a 

solution of CaCl2 at high pH (e.g., in the presence of ammonia, pH 10) at 27oC [61], 

[62]. This process tends to produce the vaterite phase. Here the CO2 bubble 

acts as a template with primary particles (vaterite) attaching to form a continuous solid 

shell with hollow interior. The fraction of vaterite reaches a maximum at pH  10. 

Figure 1.34 and Figure 1.35 depict respectively the process and micrograph of the 

spheres formed.  

 

Figure 1.34 Schematic diagram to represent CO2 bubble acting as a template in the 

production of hollow shell vaterite. (Reproduced from [63]) 

 

Figure 1.35 SEM micrograph of hollow shell calcium carbonate at pH 9.8 showing 

mainly spherical particles with some rhombohedral crystals (- = 1m). 

(Reproduced from [64]) 
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1.6.2 Chemical-Physical Factor influencing form and size of CaCO3  

 

1.6.2.1 Role of [Ca2+]:[CO3
2-] 

If the [Ca2+] > [CO3
2-] (pH 7-8) more positively charged sites attract negatively charged 

groups on the additives by electrostatic interaction at the particle surface, which 

controls (reduces) crystal growth, resulting in smaller particles [65]. For solutions with 

[CO3
2-] > [Ca2+] (pH 9.5-10.5) nucleation, due to supersaturation, is promoted. If the 

[Ca2+] is relatively low (c.f. [CO3
2-]) the calcite polymorph is formed in greater 

abundance than vaterite (in the temperature range 15-30oC) [66]. 

 

1.6.2.2 Role of additive type and concentration 

If no additives are used spheres (4-6 m) of calcite are formed, which is the most 

thermodynamically stable form.  The crystallisation process and phase transformation 

are not as simple as initial consideration implies. In all cases additives play an 

important role in determining the final morphology of the CaCO3 formed, by provision 

of sites for nucleation of CaCO3 from Ca2+ ions. An example of this is illustrated in 

Figure 1.36 and Figure 1.37, where the additive Na-PAA directs phase 

transformation. 
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Figure 1.36 Schematic diagram to represent the formation of calcium carbonate 

spherulites and amorphous phase transformation to Vaterite, from the 

delayed addition of PAA-Na to supersaturated Ca2+/CO3
2- amorphous 

precursors. (Adapted from [67]) 

 

Figure 1.37 Schematic diagram to represent the formation of calcium carbonate 

spherulites and amorphous phase transformation to Vaterite and Calcite, 

from the instantaneous addition of PAA-Na to supersaturated Ca2+/CO3
2- 

amorphous precursors. (Adapted from [68]) 
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1.6.2.3 Role of reaction (mixing) time and order of mixing 

During the reaction time there are changes in polymorphs formed, morphology and 

size of crystallites. In one study during the precipitation reaction in the presence of an 

additive (PSSS) at high pH (pH = 10) in the first 30 minutes loose ACC aggregates 

(20-40 nm) formed instantly on precipitation [69]. Aggregation continued up to 90 

minutes and after 2 hours spherical particles formed (2-5 m). After 3 hours these 

particles became monodispersed (8 m) and increased in number. This process 

continued up to 12 hours when no further changes were seen. In another study 

In most studies, agglomeration, and crystallisation of ACC (nano) particles leads to 

the more stable calcite or vaterite phases (Figure 1.38), unless high temperatures are 

used when aragonite is formed (see Figure 1.39). 

 

 

Figure 1.38 Schematic diagram to represent the pathway for ACC-vaterite-calcite 

crystallisation. (Reproduced from [70]) 

 

In the absence of additives increasing reaction time increases particle size (diameter) 

by a factor of 3 (4-6 mm to 15-20 mm). 
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The order of addition of Ca2+ and CO3
2- is also important. When CO3

2- is added to 

Ca2+, particle size is often smaller and the distribution of particle sizes narrower. Vice-

versa the opposite addition leads to irregular size and larger particles.  

 

1.6.2.4 Role of pH 

Although varying pH, for most of the methods reported by the literature, does not affect 

polymorphism, it does influence morphology and particle size. This is not surprising, 

since crystal growth depends on interaction between negatively charged groups on 

the additive and calcium ions in solution. Essentially, a greater number of groups on 

the additive will be ionised to produce negative charges to ‘mop-up’ Ca2+ ions blocking 

growth in three dimensions. In conjunction with increasing ionization of groups at high 

pH, supersaturation increases (i.e., hydrocarbonate/carbonate buffer effect) which 

reduces nucleation rate. The net effect of this is that a balance in pH is required (pH 

9-11 to effectively control particle size (crystal growth)). However, if nucleation rate is 

too low the phase transition of vaterite (metastable) to calcite is inhibited. One 

interesting observation in the literature is the use of phytic acid as an additive at pH 3 

at longer reaction time (2 hours) resulting in hollow spheres of ACC (Table 1.9) 

 

1.6.2.5 Role of temperature  

Crystal growth (size), in the presence of additives, is often accompanied by 

aggregation, which increases at higher temperatures. Although, where core 

dissolution and recrystallisation at the particle surface is possible this can take place 

even at high temperatures to give particles < 2 m. 

Temperature also influences the polymorph formed. Higher temperatures favour 

aragonite by phase transformation of calcite and vaterite (Figure 1.39). Around room 

temperature (15-30oC) the particle size of the precipitate if affected, with an increase 

as temperature is increased regardless of concentration of Ca2+ and CO3
2-. However, 

for slow carbonation precipitation (in the presence of surfactant) the opposite trend is 

seen. Also, solubility plays a role if no additives are used: at higher temperatures in 

the range smaller calcite crystals are formed.  
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Figure 1.39 Dependence of (initial) CaCO3 polymorph formation on temperature. 

(Reproduced from [71]) 

 

1.7 Aims and Objectives 

In this context, the main aim of the present study is to assess the performance of 

hollow calcium carbonate as an alternative filler to hollow glass microspheres in PVC. 

This will be achieved by the following objectives: 

• Synthesis and characterisation of hollow calcium carbonate 

 

• Incorporation of hollow calcium carbonate (and hollow glass microspheres) in 

PVC formulations typical of those used in boat-decking  

 

• Evaluation of the performance (density, mechanical and thermal properties) of 

the resultant PVC-hollow filler composites 
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2.0 Experimental: 

Synthesis of Hollow Calcium Carbonate and Testing in PVC 

 

2.1 Materials 

Poly(diallyldimethylammonium chloride) solution (PDADMAC or PDDA) 20wt.% in 

water (Sigma Aldrich) of high molecular weight (Mw 400,000-500,000) was used to 

prepare a 0.5 wt.% stock solution (15g of 20 wt.% in 600g H2O). The structure of PDDA 

is given in Figure 2.1. 

 

Figure 2.1 Structure of Poly(diallyldimethylammonium Chloride) (PDDA) 

Calcium chloride (reagent grade, ≥ 98%, anhydrous, Sigma Aldrich) and Sodium 

Carbonate (reagent grade, ≥ 99.5%, anhydrous, Sigma Aldrich) were used to prepare 

aqueous solutions in the range 0.1-1.0 M. milliQ distilled water was used for 

preparation of all solutions. 

Ammonium Hydroxide solution (2.0 M, Sigma Aldrich) was used to adjust the pH of 

solutions (pH = 10). 

PVC resin (K70), plasticiser, one-pack stabiliser and Hollow Glass Spheres (3M) 

were supplied by Flexiteek. 

 

2.2 Synthesis of hollow calcium carbonate 

A simple experimental design was adopted to prepare hollow calcium carbonate by 

varying the concentrations of Ca2+, CO3
2- and PDDA, as well as varying mixing time. 

This is summarised in Table 2.1 and described in detail thereafter.  
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Table 2.1 Variation in the concentrations of Ca2+, CO3
2- and PDDA, and mixing 

time for the synthesis of hollow calcium carbonate 

Sample 

CaCl2/PDDA in water Na2CO3/PDDA in water Stirring 
Time 
(mins) [Ca2+] 

(M) PDDA wt.% volume (mL) 
[CO3

2-] 
(M) 

PDDA 
wt.% volume (mL) 

MP1 0.1 0.5 10.0 0.1 water 10.0 60 

MP2 0.1   Chitin 0.5 10.0 0.1 water 10.0 60 

MP3 0.01 0.5 10.0 0.1 water 10.0 60 

MP4 1.0 0.5 10.0 1.0 0.5 10.0 15 

MP5 1.0 1.0 10.0 1.0 1.0 10.0 15 

MP6 0.1 0.5 100.0 0.1 0.5 100.0 60 

MP7 0.5 0.5 10.0 0.5 0.5 10.0 60 

MP8  *  *  *  *  *  *  * 

MP9 0.1 0.5 300.0 0.1 0.5 300.0 15 

MP10  *  *  *  *  *  *  * 

MP11 1.0 water 10.0 1.0 water 10.0 15 

MP12**  *  *  *  *  *  *  * 

MP13**  *  *  *  *  *  *  * 

MP14 1.0 0.5 300.0 1.0 0.5 300.0 60 

MP15 1.0 0.5 300.0 1.0 0.5 300.0 60 

MP16 1.0 0.5 300.0 1.0 0.5 300.0 120 

MP17 1.0 0.5 300.0 1.0 0.5 300.0 1440 

MP18 1.0 0.5 300.0 1.0 0.5 300.0 1440 

MP19 1.0 0.5 300.0 1.0 0.5 300.0 120 

MP20 1.0 0.5 300.0 1.0 0.5 300.0 120 

  

* refer to detailed methodology 

** SEM images of samples MP12 and MP13 are given in the Appendix but are not discussed 

in this report since the objective for their preparation was to effect comparison/ confirmation 

of similar particle sizes. 

 

 

 

 

 

 



46 | P a g e  
 

Synthesis of MP1, MP2, MP3 

CaCl2 (aq.,0.1 M) was prepared by dissolving 0.11g in PDDA stock (0.5 wt.%, 10.0 g). 

Na2CO3 (aq., 0.1M, 10.0g) was added dropwise and the resultant solution was mixed 

for 60 minutes (MP1). The same procedure (MP1) was adopted but replacing PDDA 

with chitin (MP2). Finally, the same procedure (MP1), was followed but the 

concentration of CaCl2 was reduced to (0.01 M) (MP3). In each case, solutions (MP1, 

MP2, MP3) were stirred for 60 minutes, filtered and the filtrate oven dried (80oC). 

 

Synthesis of MP4, MP5, MP6, MP7 MP8 

CaCl2 (aq.,0.1 M) was prepared by dissolving 1.1 g in PDDA stock (0.5 wt.%, 10.0 g). 

A solution of Na2CO3 (aq.,0.1 M) was also prepared by dissolving 1.1 g in PDDA stock 

(0.5 wt.%, 10.0 g). The solutions were then mixed and stirred for 15 minutes (MP4). 

This procedure was then repeated but using 1.0 wt.% PDDA (MP5). In each case, 

solutions (MP4, MP5) were stirred for 15 minutes, filtered and oven dried (80oC). 

Sample MP8 was prepared by addition of water (10 ml) to sample MP4 (0.2 g), 

followed by ultrasonication (1 hour), filtration and drying (80oC). Samples MP6 and 

MP7 were prepared using the same method as MP4, except that for MP7 the 

concentrations of CaCl2 aq. and Na2CO3 aq., were 0.5 M and, for MP6 the 

concentrations were 0.1 M in PDDA (0.5 wt.%, 100.0 g). 

 

Synthesis of MP9, MP10, MP12, MP13 

Sample (MP9) was prepared by the same method as MP6 but 300g of PDDA (0.5 

wt.%) used. Sample MP10 was prepared by addition of water (300 ml) to sample MP9, 

followed by ultrasonication (1 hour), filtration and drying (80oC). Sample MP10 was 

mixed with water (1:10 ratio) and ultrasonicated (1 hour) to give sample MP12. The 

filtrate (cloudy) was collected to recover sample MP13. 
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Synthesis of MP11 

CaCl2 (1.0 M) in water (10.0 g) was adjusted to pH 10 (NH4OH dropwise addition). 

This process was then repeated for Na2CO3. The solutions were then stirred for 15 

minutes, filtered and oven dried (80oC). 

 

Synthesis of MP14, MP15 

CaCl2 (1.0 M) in PDDA stock (0.5%, 300.0 g) was mixed with Na2CO3 (1.0 M) in PDDA 

stock (0.5%, 300.0 g). The solution was then stirred for 60 minutes, filtered and oven 

dried (80oC) (MP14). This procedure was then repeated to produce a second batch 

for comparison (MP15) 

 

Synthesis of MP16, MP17, MP18, MP19, MP20 

Samples MP16, MP19 and MP20 were batches produced by the same method as 

sample MP14, except that the stirring time was 120 minutes (2 hours). Samples MP17 

and MP18 were batches produced by the same method as sample MP14, except that 

the stirring time was 1440 minutes (24 hours). 
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2.3 Preparation of PVC Test Plaques/Bars 

Test plaques/bars were prepared from the formulations given in Table 2.2. The hollow 

filler was either hollow glass spheres (3M) or hollow calcium carbonate (MP21, MP22, 

MP23). 

Table 2.2 PVC Formulations used to prepare test plaques/bars 

Formulation Components 
phr* weight (g) 

Low  Mid High  Low  Mid High  

PVC (K70) 100 100 100 31.88 26.89 25.17 

Plasticiser 44 62 62 14.03 16.67 15.61 

Hollow Filler 26 40 54 8.29 10.76 13.59 

One-Pack Stabiliser 2.5 2.5 2.5 0.8 0.67 0.63 

* percent hundred ratio (see glossary for extended definition) 

The ‘One-Pack’ stabiliser is a package of additives that are a combination of 

substances such as antioxidants, process aids etc. The ‘One-Pack’ used here is non-

toxic based on calcium and zinc antioxidants blended with other co-stabilisers. 

Separate batches of hollow calcium carbonate (MP21, MP22, MP23) were then 

prepared according to the method for MP16. The samples were heated for 4 hours at 

80oC to remove water and then calcined at 550oC for 4 hours. Samples MP21 and 

MP23 were incorporated into PVC in the range 15-24 wt.% (typical in commercial 

formulations) according to Table 2.2. 

Dry blends of the formulations were mixed in a Rheometer. Normally, the rheological 

properties of the material at processing temperatures are measured. Here torque is 

used to reflect the viscosity and elasticity of the material (K-value of PVC is a measure 

of viscosity, while die swell is a measure of elasticity). The relationship between 

torque, time and temperature gives information on fusion behaviour, safe processing 

window (time and onset of degradation).  

In this study the conditions of mixing were informed by previous commercial work, so 

the rheometer was used only for mixing of formulations to prepare test plaques/bars. 

Figure 2.2 depicts the mixed formulation. 
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Figure 2.2 PVC formulation containing hollow calcium carbonate filler (19 wt.%) 

after rheometric mixing 

 

Samples were prepared using a Thermo Scientific HAAKE Polydrive Rheomix 600. 

The following test conditions were applied: Mixer temperature: 150 °C; Rotor speed: 

100 rpm; Sample weight: 55 g; 5 bar pressure pneumatic ram; Mixing time 5 minutes. 

Samples were then size reduced (grinding), and compression moulded into plaques 

using a hydraulic press (Bradley and Turton Ltd., capacity 50 tonne) between two 

aluminium plates (platens). Heated platens should be at the temperature which is at 

least 50 °C above the melting points of the polymer in the case of semi-crystalline 

polymers, but this is not necessary for amorphous polymers like PVC. Care should be 

taken that the platen temperature is not too high to prevent degradation of the polymer.  

Ground PVC chips (100 g) were pressed into plaques in a two-stage moulding cycle. 

First the polymer was held in contact with the heated plate at a low temperature for 10 

minutes to allow uniform heating and melting. Subsequently, the applied pressure was 

increase to 35 psi/ton for 10 minutes at 170oC. The sample was then quench cooled 

by immersion in a bath of cold running water for 10 minutes. 

 

Tensile tests were conducted on dumbbell specimens (see Section 2.4.4). 
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2.4 Characterisation 

 

2.4.1 X-ray diffraction (XRD) 

X-ray diffraction data were collected on a PANalytical X’pert Powder X-ray 

diffractometer using Cu Kα radiation (λ=0.51054Å) with generator settings of 45kV, 

40mA. Automatic divergence and antiscatter slits were used on the incident and 

diffracted beam paths with data collected using a PIXCel 1-D detector operating in 

scanning line mode with an active length of 3.347 °2θ.  The incident beam was passed 

through a 10mm beam mask with the automatic divergence slits on the source set to 

maintain a constant irradiated length of 5mm throughout the scan. The automatic 

antiscatter slits on the detector were also set to maintain constant 5mm aperture. Data 

were collected in the range 10 -140° 2θ with a step size of 0.013° 2θ and a measuring 

time of 89s/step. The samples were rotated at 60 rpm during the data collection. Data 

was truncated to the range 15 -70° 2θ, converted to fixed divergence slit and the 

kα2 component was removed. Phases were identified using the search-match function 

in HighScore Plus against the Crystallography Open Database for any mineral phases 

with unit cell and crystallite size parameters determined using Pawley refinement. A 

characteristic XRD for the different phases of calcium carbonate from the literature is 

given in Figure 2.3 

 

Figure 2.3 XRD spectra of calcium carbonate polymorphs (from [72]) 
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2.4.2 Scanning electron microscopy (SEM) 

The morphology of samples was determined by scanning electron microscopy 

Calcium carbonate samples (MP1-MP23, synthesised by methods in Section 2.2) 

were applied using SEM adhesive. The surface of the samples was examined with a 

high-resolution scanning electron microscope (SEM) Quanta 450 FEG (FEI) using a 

secondary electron detector. Analyses were performed at accelerating voltage 

between 5 and 20 kV.   

Samples used for dilatometry were dispersed as powders on carbon tape. All the 

samples were gold coated with a 5-nm thick layer. The sputter coater was a Polaron 

SEM coating system (Coating time 30s, voltage 800 V, current 5 mA). SEM (Carl Zeiss 

Ltd., Supra 40VP, Figure 2.4) was used to verify morphology, particle size and 

evidence of porosity. Data was processed using SmartSEM software. Five areas of 

each sample were analysed at 5K magnification.  

 

 

Figure 2.4 Carl Zeiss Ltd., Supra 40VP scanning electron microscope 
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2.4.3 Density 

Polymer density was calculated by gravimetric water displacement [73]. To obtain an 

accurate reading of weight, water (50cm3, volumetric flask) was shaken then 

ultrasonicated (2 minutes) to remove air bubbles and weighed on a four-figure 

balance. The process was then repeated with samples of PVC granulate (Section 2.3) 

in water (50cm3, volumetric flask) shaken and ultrasonicated (2 minutes) to remove air 

bubbles and weighed on a four-figure balance. All measurements were performed in 

triplicate. Although this method was used to determine filled polymer density, modified 

methods can be used to verify sample porosity [74]. 

 

 

2.4.4 Mechanical Properties 

Five ‘dumbell’ test bars were cut from the plaques prepared (described in Section 

2.2.3). The shape of the dumbbell (Figure 2.5) cut is determined by the rigidity and 

thickness of a PVC plaque (in this case 6mm). Hence each dumbbell specimen was 

cut to thickness, 6mm, width 27 mm, length 117 mm, gauge length 45 mm   

 

Figure 2.5 Tensile test bar (middle section) gauge length 45 mm. 

 

Test bars were loaded into tensile grips and attached to the extensometer of the tensile 

test instrument. 

 

Stress-strain curves were obtained using a Tinius Olsen H10KS (Figure 2.6) 

tensiometer fitted with an extensometer, and data was processed using Horizon 

software. Modulus values were determined using Horizon software program for ASTM 

D638 with a crosshead speed of 50 mm min-1 until rupture of the sample. This standard 
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test method is one of the most common plastic strength specifications and covers the 

tensile properties of unfilled and filled polymers.   

  

 
 

Figure 2.6 Tinius Olsen H10KS tensiometer. 

 

 

2.4.5 Thermal Properties 

 

Thermogravimetric analysis (TGA) was carried out using an SDT 650 thermal analysis 

instrument (TA Instruments) in N2 atmosphere (50 mL/min). Standard TGA was 

undertaken at a heating rate of 10 ◦C/min and a temperature ramp of 25 to 300 ◦C. 

Isothermal TGA was undertaken by ramping to 180oC at 100oC/min and then held at 

this temperature for 90 min under N2. 

 

Thermal conductivity was predicted using theoretical equations (Equations 5.2 and 

5.3) and compared with data supplied for the commercial sample. 
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3.0  Results and Discussion 

 

3.1 Rationale for synthetic procedure adopted 

A range of molecular templates to direct crystallisation by controlled nucleation of Ca2+ 

and CO3
2- to produce hollow calcium carbonate has been described in the introduction 

(Sections 1.4.1.1 and 1.4.1.2). Polyelectrolytes are commonly used as templates for 

self-assembly, especially when stable, homogeneous films are required. The most 

prevalent are commercially available polymers that are grouped as cationic (e.g., 

poly(ethyleneimine), poly(allylamine), poly(allylamine hydrochloride 

poly(diallyldimethylammonium chloride), diazo-resin) and anionic (poly(styrene 

sulfonate), poly(vinylsulfate) and poly(acrylic acid) [75-78]. The literature reports that 

the colloidal template may be used as a sacrificial core. Following multilayer assembly 

by sequential adsorption the core is removed by either chemical methods or 

calcination. This process allows a higher degree of control over particle size, shape, 

and wall thickness. 

Here rationale for the selection of a cationic electrolyte with high charge density, 

namely Poly(diallyldimethylammonium chloride) (PDADMAC or PDDA), as a colloidal 

template to produce hollow calcium carbonate is presented. PDDA has been used as 

a template in production of both hollow silica and titania [79].  Akhondi and 

Jamalizadeh have prepared cubic and spherical hollow silica (Figure 3.1) using a hard 

templating method with polystyrene-PDADMAC and polystyrene-polyethyleneimine 

[80]. Other workers have shown that an understanding of amine-silicate interactions 

enables the formation of both hollow and non-porous silicates to be controlled and 

undertaken under milder conditions (i.e., room temperature in aqueous systems 

around neutral pH) [81]. 

 

An alternative approach that is simple and economical is known as the “self-template” 

method. It has been used to produce porous silica by alkaline treatment of PDDA. The 

PDDA deposited on silica spheres is attacked by hydroxyl ions that permeate the 

template layer and attack the silica sphere to generate dissolved silicate oligomers in 

the presence of ammonia. The oligomers are negatively charged and deposit on the 
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positively charged PDDA forming a silica-PDDA shell. Sodium hydroxide is then used 

to etch the interior of the silica spheres [82]. 

The influence of ammonia and selected amines on the characteristics of calcium 

carbonate precipitated from calcium chloride solutions via carbonation has been 

reported in the literature [83]. Although the latter work does not encompass the 

preparation of hollow calcium carbonate, it does add confidence to an approach based 

on colloidal self-templating using PDDA to allow a high degree of control over particle 

size, shape, and wall thickness. Furthermore, such a tactic is attractive from a 

commercial perspective because the raw materials are low cost, readily available and 

reaction times are short. Hence this approach has been adopted in this study. To 

establish how the presence of PDDA, PDDA concentration, mixing time, 

ultrasonication and calcination affect the morphology and structure of calcium 

carbonate a simple experimental design was used, by varying components. 

 

 

 

Figure 3.1 TEM images of hollow silica prepared using a PDADMAC template: 

Hollow cubic morphology (a) and hollow spherical morphology (b) 

(Reproduced from [80]) 
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3.2 Synthesis and Structure of Hollow Shell Calcium Carbonate 

3.2.1  Comparison of absence and presence of a molecular template (additive) 

Previous studies have shown that the chemical composition of ACC (amorphous 

calcium carbonate) is nominally hydrated calcium carbonate (CaCO3.H2O), with a 

calcium-rich nanoscale framework with pores containing water and carbonate ions 

[84]. However, as stated in the introduction, ACC is thermodynamically unstable and 

crystallises at room temperature from aqueous solution (in minutes to hours) leading 

to calcite and/or vaterite depending on conditions (Figure 3.2 and Figure 3.3). 

The highly porous spherical particles of calcite and/or vaterite produced by rapid 

mixing, in the absence of a molecular template, can be seen in the SEM image in 

Figure 3.1 (MP11: [Ca2+] 10 mL of 1.0 M, aq. + [CO3
2-], 10 mL of 1.0 M, aq., combined 

stir time 15 mins). The presence of both calcite (40%) and vaterite (60%), rather than 

ACC, is confirmed by XRD in Figure 3.3.  The SEM (Figure 3.2) also shows the 

relatively small size of the spherical particles produced (<2 m), which is expected due 

to the shorter mixing time of 15 minutes. 

 

Figure 3.2 SEM image of calcium carbonate synthesised by precipitation in the absence 
of PDDA additive (MP11) 
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Figure 3.3 Selected region of XRD spectra of (a) individual calcium carbonate polymorphs 

synthesised by precipitation with no additive (Reproduced from [72]) and (b) 
calcium carbonate synthesised by precipitation in the absence of PDDA 
additive (MP11) 

 
 

Figure 3.5 illustrates the effect of addition of chitin as a molecular template to the 

solution of Ca2+ ions (MP2: [Ca2+] 0.1 M in 10 mL aq. Chitin 0.5 wt% + [CO3
2-], 10 mL 

of 1.0 M, aq., combined stir time 60 mins), while the CO3
2- ions remain as an aqueous 

solution with no additive present. After mixing and stirring for 60 minutes the SEM of 

the calcium carbonate formed suggests that rhombohedral calcite crystals are formed. 

This is likely driven by precipitation of the calcite polymorph on chitin, facilitated by 

interaction with its carbonyl and amide groups (Figure 3.4 (1) and (2)) [85]. Despite 

the longer mixing time (60 minutes) there is evidence that ACC diffusion is incomplete. 

 

      

Figure 3.4 Structure of chitin (1)     Structure of chitin (2) 
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Figure 3.5 SEM image of calcium carbonate synthesised by precipitation from Ca+ 
(aq, 0.1M) in the presence of chitin as a molecular template (0.5 wt.%) 
(MP2) 

 

Figure 3.6 shows the effect of replacing chitin with PDDA as a molecular template to 

the solution of Ca2+ ions (MP1: [Ca2+] 0.1 M in 10 mL aq. PDDA 0.5 wt% + [CO3
2-], 10 

mL of 1.0 M, aq., combined stir time 60 mins), with CO3
2- in water.  It might be expected 

that as a cationic electrolyte with high charge density (Figure 2.2, Section 2.2.1) it 

could direct crystallisation and nucleation. Unfortunately, there is little evidence of 

‘controlled’ precipitation when PDDA is added only to the Ca2+ solution. Instead, calcite 

crystals (rhombohedral) attached to vaterite (spherical), with the development of 

growth steps on the calcite surface is seen. However, there is some evidence that the 

calcite formed is hollow (highlighted by yellow circles, Figure 3.6) [86]. Reducing the 

concentration of Ca2+ did drive the reaction towards the formation of calcite, though 

crystal formation is still transitional (i.e., ACC diffusion is still not complete, Figure 3.7, 

MP3: [Ca2+] 0.01 M in 10 mL aq. PDDA 0.5 wt% + [CO3
2-], 10 mL of 1.0 M, aq., 

combined stir time 60 mins). Samples M1, MP2 and MP3 have been stirred for 60 

minutes rather than 15 minutes (MP11) to allow longer time for the phase transition to 

take place. 
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Figure 3.6 SEM image of calcium carbonate synthesised by precipitation from Ca+ 
(aq, 0.1M) in the presence of PDDA as a molecular template (0.5 wt.%) 
(MP1). Areas circled yellow highlight evidence for hollow particles 

 

 

Figure 3.7 SEM image of calcium carbonate synthesised by precipitation from Ca+ 
(aq, 0.01M) in the presence of PDDA as a molecular template (0.5 wt.%) 
(MP3) 

 



60 | P a g e  
 

3.2.2  Effect of addition of PDDA to solutions of Ca2+ and CO3
2- before mixing 

From the SEM image of MP4 ([Ca2+] 1.0 M in 10 mL aq. PDDA 0.5 wt% + [CO3
2-], 1.0 

M in 10 mL aq. PDDA 0.5 wt%, combined stir time 15 mins) in Figure 3.8, it was seen 

that keeping the concentration of PDDA constant but doubling the concentration of 

Ca2+ and CO3
2-, resulted in the formation of spherical crystals. These were confirmed 

as calcite and vaterite by XRD (Figure 3.9).  

 

 

Figure 3.8 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 10 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 10 mL) in 
PDDA (aq.,0.5 wt.%) followed by stirring for 15 minutes (MP4). 

 

In sample MP5 ([Ca2+] 1.0 M in 10 mL aq. PDDA 1.0 wt% + [CO3
2-], 1.0 M in 10 mL 

aq. PDDA 1.0 wt%, combined stir time 15 mins, Figure 3.10) the concentrations of 

Ca+ and CO3
2- solutions were each kept at 1.0 M, but the concentration of PDDA was 

doubled, while the stirring time after mixing remained at 15 minutes. Again, spherical 

particles are formed (probably of vaterite and calcite) but at this shorter timeframe 

transition to rhomboidal calcite is not evident. 
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Figure 3.9 Selected region of XRD spectra of (a) individual calcium carbonate 
polymorphs synthesised by precipitation with no additive (Reproduced 
from [72]) and (b) calcium carbonate synthesised by precipitation in the 
presence of PDDA additive (MP4) 

 

 

Figure 3.10 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 10 mL) in PDDA (aq., 1.0 wt.%) and CO3

2- (1.0 M, 10 mL) in 
PDDA (aq.,1.0 wt.%) followed by stirring for 15 minutes (MP5). 
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Figure 3.11 shows the expanded areas of the SEM images of CaCO3 precipitates of 

MP4 and MP5 for the different PDDA concentrations. As the PDDA concentration is 

increased the morphologies change to more uniform spherical structures. It is 

expected that lower PDDA concentration reduces its ability to bridge nanoscale 

particles [87]. However, the spheres in MP5 appear to be more solid than those in MP4 

(see area circled). This could be caused by long chains of the PDDA surrounding 

microspheres preventing CaCO3 particles in the interior diffusing out, so increasing 

the nucleation density. 

 

(a) MP4 

 

(b) MP5 

 

 

Figure 3.11 Expanded SEM image of calcium carbonate for samples MP4 (taken 
from Figure 3.9) and MP5 (taken from Figure 3.10). Areas circled 
yellow highlight evidence for hollow particles 

 
 
 

For sample MP7 ([Ca2+] 0.5 M in 10 mL aq. PDDA 0.5 wt% + [CO3
2-], 0.5 M in 10 mL 

aq. PDDA 0.5 wt%, combined stir time 60 mins) PDDA was present at the same 

concentration as sample MP4, but the combined solutions were stirred for a longer 

time of 60 minutes. Furthermore, the concentrations of Ca2+ (0.5 M) and CO3
2- (0.5 M) 

were reduced in comparison to MP4. This effectively increased the relative amount of 

PDDA in MP7. Evidence of greater solidity in samples when stirred for longer times, 

with higher concentrations of molecular template, is supported by the SEM image for 
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MP7 in Figure 3.12. Again, it is seen that the longer time has promoted the formation 

of (solid) rhombohedral calcite. 

 

Figure 3.12 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (0.5 M, 10 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (0.5 M, 10 mL) in 
PDDA (aq.,0.5 wt.%) (MP7). 

 

 

3.2.3  Effect of dilution of solutions of Ca2+ in PDDA and CO3
2- in PDDA before 

mixing 

Compared to sample MP7, sample MP6 ([Ca2+] 0.1 M in 100 mL aq. PDDA 0.5 wt% + 

[CO3
2-], 0.1 M in 100 mL aq. PDDA 0.5 wt%, combined stir time 60 mins) further 

reduces the concentration of Ca2+ (0.1 M) and CO3
2- (0.1 M). Overall dilution and 

longer stirring time (60 minutes) further supports the arguments in the previous 

section. The SEM image (Figure 3.13) shows porosity in the spherical particles, along 

with evidence of rhombohedral calcite. 
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Figure 3.13 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 100 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 100 mL) 
in PDDA (aq.,0.5 wt.%) (MP6). 

 
 

Similarly, sample MP15 ([Ca2+] 1.0 M in 300 mL aq. PDDA 0.5 wt% + [CO3
2-], 1.0 M in 

300 mL aq. PDDA 0.5 wt%, combined stir time 60 mins) is of identical concentrations 

to sample MP4 but scaled-up in volume (300 mL c.f. 10 mL). Because samples MP14 

([Ca2+] 1.0 M in 300 mL aq. PDDA 0.5 wt% + [CO3
2-], 1.0 M in 300 mL aq. PDDA 0.5 

wt%, combined stir time 60 mins) and MP15 were made by identical methods, the 

SEM for sample MP15 is given here as being representative. The SEM image (Figure 

3.14) clearly shows the porous nature of the particle. 

 

Sample MP15 can also be compared with sample MP9 (Figure 3.15), but in the latter 

case the stirring time is reduced to 15 minutes. The contrast between the two samples 

is obvious with significantly less porosity in the sample stirred for only 15 minutes c.f. 

60 minutes. This suggests that Ostwald ripening is an important factor in particle 

growth and phase transitions [88]. 
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Figure 3.14 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 300 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 300 mL) 
in PDDA (aq.,0.5 wt.%) and stirring for 60 minutes (1 hour) (MP15). 

 

 

Figure 3.15 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (0.1 M, 300 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 300 mL) 
in PDDA (aq.,0.5 wt.%) (MP9). 
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3.2.4  Effect of extended mixing time 

The influence of mixing time on morphology is further emphasised by comparing the 

SEM images in Figure 3.16 (MP15: [Ca2+] 1.0 M in 300 mL aq. PDDA 0.5 wt% + [CO3
2-

], 1.0 M in 300 mL aq. PDDA 0.5 wt%, combined stir time 60 mins), Figure 3.17 (MP16: 

[Ca2+] 1.0 M in 300 mL aq. PDDA 0.5 wt% + [CO3
2-], 1.0 M in 300 mL aq. PDDA 0.5 

wt%, combined stir time 120 mins) and Figure 3.18 (MP18: [Ca2+] 1.0 M in 300 mL 

aq. PDDA 0.5 wt% + [CO3
2-], 1.0 M in 300 mL aq. PDDA 0.5 wt%, combined stir time 

1440 mins), where stirring time is increased (1, 2 and 24 hours). 

The process of spherulitic growth, dissolution and reprecipitation usually take place 

during the first 15 minutes of stirring (reaction). With ACC being converted to spherical 

porous vaterite (and calcite) (Figure 1.38, reproduced here for ease of comparison 

from Section 1.4.2.3). The SEM for MP15 (Figure 3.16) shows that the transition to 

highly porous vaterite has taken place after 60 minutes. By 120 minutes, diffusion of 

ACC from the pore interior to the outer surface has resulted in smoother, spherical 

particles to give a vaterite/calcite mixture (Figure 3.17, MP16). After 1440 minutes (24 

hours), the transition to calcite crystals with some vaterite casts is seen [89]. The 

hollow nature of the rhombohedral calcite is implied by the area highlighted in the SEM 

(yellow circle, Figure 3.18). 

 

 

Figure 1.38 Schematic diagram to represent the pathway for ACC-vaterite-calcite 

crystallisation. (Reproduced from [70]) 
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In the absence of additives increasing reaction time increases particle size (diameter) 

by a factor of 3 (4-6 mm to 15-20 mm). 

The order of addition of Ca2+ and CO3
2- is also important. When CO3

2- is added to 

Ca2+, particle size is often smaller and the distribution of particle sizes narrower. Vice-

versa the opposite addition leads to irregular size and larger particles.  

 

1.6.2.4 Role of pH 

Although varying pH, for most of the methods reported by the literature, does not affect 

polymorphism, it does influence morphology and particle size. This is not surprising, 

since crystal growth depends on interaction between negatively charged groups on 

the additive and calcium ions in solution. Essentially, a greater number of groups on 

the additive will be ionised to produce negative charges to ‘mop-up’ Ca2+ ions blocking 

growth in three dimensions. In conjunction with increasing ionization of groups at high 

pH, supersaturation increases (i.e., hydrocarbonate/carbonate buffer effect) which 

reduces nucleation rate. The net effect of this is that a balance in pH is required (pH 

9-11 to effectively control particle size (crystal growth)). However, if nucleation rate is 

too low the phase transition of vaterite (metastable) to calcite is inhibited. One 

interesting observation in the literature is the use of phytic acid as an additive at pH 3 

at longer reaction time (2 hours) resulting in hollow spheres of ACC (Table 1.9) 

 

1.6.2.5 Role of temperature  

Crystal growth (size), in the presence of additives, is often accompanied by 

aggregation, which increases at higher temperatures. Although, where core 

dissolution and recrystallisation at the particle surface is possible this can take place 

even at high temperatures to give particles < 2 m. 

Temperature also influences the polymorph formed. Higher temperatures favour 

aragonite by phase transformation of calcite and vaterite (Figure 1.39). Around room 

temperature (15-30oC) the particle size of the precipitate if affected, with an increase 

as temperature is increased regardless of concentration of Ca2+ and CO3
2-. However, 

for slow carbonation precipitation (in the presence of surfactant) the opposite trend is 
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seen. Also, solubility plays a role if no additives are used: at higher temperatures in 

the range smaller calcite crystals are formed.  

 

Figure 1.39 Dependence of (initial) CaCO3 polymorph formation on temperature. 

(Reproduced from [71]) 

 

1.7 Aims and Objectives 

In this context, the main aim of the present study is to assess the performance of 

hollow calcium carbonate as an alternative filler to hollow glass microspheres in PVC. 

This will be achieved by the following objectives: 

• Synthesis and characterisation of hollow calcium carbonate 

 

• Incorporation of hollow calcium carbonate (and hollow glass microspheres) in 

PVC formulations typical of those used in boat-decking  

 

• Evaluation of the performance (density, mechanical and thermal properties) of 

the resultant PVC-hollow filler composites 
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2.0 Experimental: 

Synthesis of Hollow Calcium Carbonate and Testing in PVC 

 

2.1 Materials 

Poly(diallyldimethylammonium chloride) solution (PDADMAC or PDDA) 20wt.% in 

water (Sigma Aldrich) of high molecular weight (Mw 400,000-500,000) was used to 

prepare a 0.5 wt.% stock solution (15g of 20 wt.% in 600g H2O). The structure of PDDA 

is given in Figure 2.1. 

 

Figure 2.1 Structure of Poly(diallyldimethylammonium Chloride) (PDDA) 

Calcium chloride (reagent grade, ≥ 98%, anhydrous, Sigma Aldrich) and Sodium 

Carbonate (reagent grade, ≥ 99.5%, anhydrous, Sigma Aldrich) were used to prepare 

aqueous solutions in the range 0.1-1.0 M. milliQ distilled water was used for 

preparation of all solutions. 

Ammonium Hydroxide solution (2.0 M, Sigma Aldrich) was used to adjust the pH of 

solutions (pH = 10). 

PVC resin (K70), plasticiser, one-pack stabiliser and Hollow Glass Spheres (3M) 

were supplied by Flexiteek. 

 

2.2 Synthesis of hollow calcium carbonate 

A simple experimental design was adopted to prepare hollow calcium carbonate by 

varying the concentrations of Ca2+, CO3
2- and PDDA, as well as varying mixing time. 
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This is summarised in Table 2.1 and described in detail thereafter.  

 

Table 2.1 Variation in the concentrations of Ca2+, CO3
2- and PDDA, and mixing 

time for the synthesis of hollow calcium carbonate 

Sample 

CaCl2/PDDA in water Na2CO3/PDDA in water Stirring 
Time 
(mins) [Ca2+] 

(M) PDDA wt.% volume (mL) 
[CO3

2-] 
(M) 

PDDA 
wt.% volume (mL) 

MP1 0.1 0.5 10.0 0.1 water 10.0 60 

MP2 0.1   Chitin 0.5 10.0 0.1 water 10.0 60 

MP3 0.01 0.5 10.0 0.1 water 10.0 60 

MP4 1.0 0.5 10.0 1.0 0.5 10.0 15 

MP5 1.0 1.0 10.0 1.0 1.0 10.0 15 

MP6 0.1 0.5 100.0 0.1 0.5 100.0 60 

MP7 0.5 0.5 10.0 0.5 0.5 10.0 60 

MP8  *  *  *  *  *  *  * 

MP9 0.1 0.5 300.0 0.1 0.5 300.0 15 

MP10  *  *  *  *  *  *  * 

MP11 1.0 water 10.0 1.0 water 10.0 15 

MP12**  *  *  *  *  *  *  * 

MP13**  *  *  *  *  *  *  * 

MP14 1.0 0.5 300.0 1.0 0.5 300.0 60 

MP15 1.0 0.5 300.0 1.0 0.5 300.0 60 

MP16 1.0 0.5 300.0 1.0 0.5 300.0 120 

MP17 1.0 0.5 300.0 1.0 0.5 300.0 1440 

MP18 1.0 0.5 300.0 1.0 0.5 300.0 1440 

MP19 1.0 0.5 300.0 1.0 0.5 300.0 120 

MP20 1.0 0.5 300.0 1.0 0.5 300.0 120 

  

* refer to detailed methodology 

** SEM images of samples MP12 and MP13 are given in the Appendix but are not discussed 

in this report since the objective for their preparation was to effect comparison/ confirmation 

of similar particle sizes. 
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Synthesis of MP1, MP2, MP3 

CaCl2 (aq.,0.1 M) was prepared by dissolving 0.11g in PDDA stock (0.5 wt.%, 10.0 g). 

Na2CO3 (aq., 0.1M, 10.0g) was added dropwise and the resultant solution was mixed 

for 60 minutes (MP1). The same procedure (MP1) was adopted but replacing PDDA 

with chitin (MP2). Finally, the same procedure (MP1), was followed but the 

concentration of CaCl2 was reduced to (0.01 M) (MP3). In each case, solutions (MP1, 

MP2, MP3) were stirred for 60 minutes, filtered and the filtrate oven dried (80oC). 

 

Synthesis of MP4, MP5, MP6, MP7 MP8 

CaCl2 (aq.,0.1 M) was prepared by dissolving 1.1 g in PDDA stock (0.5 wt.%, 10.0 g). 

A solution of Na2CO3 (aq.,0.1 M) was also prepared by dissolving 1.1 g in PDDA stock 

(0.5 wt.%, 10.0 g). The solutions were then mixed and stirred for 15 minutes (MP4). 

This procedure was then repeated but using 1.0 wt.% PDDA (MP5). In each case, 

solutions (MP4, MP5) were stirred for 15 minutes, filtered and oven dried (80oC). 

Sample MP8 was prepared by addition of water (10 ml) to sample MP4 (0.2 g), 

followed by ultrasonication (1 hour), filtration and drying (80oC). Samples MP6 and 

MP7 were prepared using the same method as MP4, except that for MP7 the 

concentrations of CaCl2 aq. and Na2CO3 aq., were 0.5 M and, for MP6 the 

concentrations were 0.1 M in PDDA (0.5 wt.%, 100.0 g). 

 

Synthesis of MP9, MP10, MP12, MP13 

Sample (MP9) was prepared by the same method as MP6 but 300g of PDDA (0.5 

wt.%) used. Sample MP10 was prepared by addition of water (300 ml) to sample MP9, 

followed by ultrasonication (1 hour), filtration and drying (80oC). Sample MP10 was 

mixed with water (1:10 ratio) and ultrasonicated (1 hour) to give sample MP12. The 

filtrate (cloudy) was collected to recover sample MP13. 
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Synthesis of MP11 

CaCl2 (1.0 M) in water (10.0 g) was adjusted to pH 10 (NH4OH dropwise addition). 

This process was then repeated for Na2CO3. The solutions were then stirred for 15 

minutes, filtered and oven dried (80oC). 

 

Synthesis of MP14, MP15 

CaCl2 (1.0 M) in PDDA stock (0.5%, 300.0 g) was mixed with Na2CO3 (1.0 M) in PDDA 

stock (0.5%, 300.0 g). The solution was then stirred for 60 minutes, filtered and oven 

dried (80oC) (MP14). This procedure was then repeated to produce a second batch 

for comparison (MP15) 

 

Synthesis of MP16, MP17, MP18, MP19, MP20 

Samples MP16, MP19 and MP20 were batches produced by the same method as 

sample MP14, except that the stirring time was 120 minutes (2 hours). Samples MP17 

and MP18 were batches produced by the same method as sample MP14, except that 

the stirring time was 1440 minutes (24 hours). 
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2.3 Preparation of PVC Test Plaques/Bars 

Test plaques/bars were prepared from the formulations given in Table 2.2. The hollow 

filler was either hollow glass spheres (3M) or hollow calcium carbonate (MP21, MP22, 

MP23). 

Table 2.2 PVC Formulations used to prepare test plaques/bars 

Formulation Components 
phr* weight (g) 

Low  Mid High  Low  Mid High  

PVC (K70) 100 100 100 31.88 26.89 25.17 

Plasticiser 44 62 62 14.03 16.67 15.61 

Hollow Filler 26 40 54 8.29 10.76 13.59 

One-Pack Stabiliser 2.5 2.5 2.5 0.8 0.67 0.63 

* percent hundred ratio (see glossary for extended definition) 

The ‘One-Pack’ stabiliser is a package of additives that are a combination of 

substances such as antioxidants, process aids etc. The ‘One-Pack’ used here is non-

toxic based on calcium and zinc antioxidants blended with other co-stabilisers. 

Separate batches of hollow calcium carbonate (MP21, MP22, MP23) were then 

prepared according to the method for MP16. The samples were heated for 4 hours at 

80oC to remove water and then calcined at 550oC for 4 hours. Samples MP21 and 

MP23 were incorporated into PVC in the range 15-24 wt.% (typical in commercial 

formulations) according to Table 2.2. 

Dry blends of the formulations were mixed in a Rheometer. Normally, the rheological 

properties of the material at processing temperatures are measured. Here torque is 

used to reflect the viscosity and elasticity of the material (K-value of PVC is a measure 

of viscosity, while die swell is a measure of elasticity). The relationship between 

torque, time and temperature gives information on fusion behaviour, safe processing 

window (time and onset of degradation).  

In this study the conditions of mixing were informed by previous commercial work, so 

the rheometer was used only for mixing of formulations to prepare test plaques/bars. 

Figure 2.2 depicts the mixed formulation. 
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Figure 2.2 PVC formulation containing hollow calcium carbonate filler (19 wt.%) 

after rheometric mixing 

 

Samples were prepared using a Thermo Scientific HAAKE Polydrive Rheomix 600. 

The following test conditions were applied: Mixer temperature: 150 °C; Rotor speed: 

100 rpm; Sample weight: 55 g; 5 bar pressure pneumatic ram; Mixing time 5 minutes. 

Samples were then size reduced (grinding), and compression moulded into plaques 

using a hydraulic press (Bradley and Turton Ltd., capacity 50 tonne) between two 

aluminium plates (platens). Heated platens should be at the temperature which is at 

least 50 °C above the melting points of the polymer in the case of semi-crystalline 

polymers, but this is not necessary for amorphous polymers like PVC. Care should be 

taken that the platen temperature is not too high to prevent degradation of the polymer.  

Ground PVC chips (100 g) were pressed into plaques in a two-stage moulding cycle. 

First the polymer was held in contact with the heated plate at a low temperature for 10 

minutes to allow uniform heating and melting. Subsequently, the applied pressure was 

increase to 35 psi/ton for 10 minutes at 170oC. The sample was then quench cooled 

by immersion in a bath of cold running water for 10 minutes. 

 

Tensile tests were conducted on dumbbell specimens (see Section 2.4.4). 
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2.4 Characterisation 

 

2.4.1 X-ray diffraction (XRD) 

X-ray diffraction data were collected on a PANalytical X’pert Powder X-ray 

diffractometer using Cu Kα radiation (λ=0.51054Å) with generator settings of 45kV, 

40mA. Automatic divergence and antiscatter slits were used on the incident and 

diffracted beam paths with data collected using a PIXCel 1-D detector operating in 

scanning line mode with an active length of 3.347 °2θ.  The incident beam was passed 

through a 10mm beam mask with the automatic divergence slits on the source set to 

maintain a constant irradiated length of 5mm throughout the scan. The automatic 

antiscatter slits on the detector were also set to maintain constant 5mm aperture. Data 

were collected in the range 10 -140° 2θ with a step size of 0.013° 2θ and a measuring 

time of 89s/step. The samples were rotated at 60 rpm during the data collection. Data 

was truncated to the range 15 -70° 2θ, converted to fixed divergence slit and the 

kα2 component was removed. Phases were identified using the search-match function 

in HighScore Plus against the Crystallography Open Database for any mineral phases 

with unit cell and crystallite size parameters determined using Pawley refinement. A 

characteristic XRD for the different phases of calcium carbonate from the literature is 

given in Figure 2.3 

 

Figure 2.3 XRD spectra of calcium carbonate polymorphs (from [72]) 
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2.4.2 Scanning electron microscopy (SEM) 

The morphology of samples was determined by scanning electron microscopy 

Calcium carbonate samples (MP1-MP23, synthesised by methods in Section 2.2) 

were applied using SEM adhesive. The surface of the samples was examined with a 

high-resolution scanning electron microscope (SEM) Quanta 450 FEG (FEI) using a 

secondary electron detector. Analyses were performed at accelerating voltage 

between 5 and 20 kV.   

Samples used for dilatometry were dispersed as powders on carbon tape. All the 

samples were gold coated with a 5-nm thick layer. The sputter coater was a Polaron 

SEM coating system (Coating time 30s, voltage 800 V, current 5 mA). SEM (Carl Zeiss 

Ltd., Supra 40VP, Figure 2.4) was used to verify morphology, particle size and 

evidence of porosity. Data was processed using SmartSEM software. Five areas of 

each sample were analysed at 5K magnification.  

 

 

Figure 2.4 Carl Zeiss Ltd., Supra 40VP scanning electron microscope 
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2.4.3 Density 

Polymer density was calculated by gravimetric water displacement [73]. To obtain an 

accurate reading of weight, water (50cm3, volumetric flask) was shaken then 

ultrasonicated (2 minutes) to remove air bubbles and weighed on a four-figure 

balance. The process was then repeated with samples of PVC granulate (Section 2.3) 

in water (50cm3, volumetric flask) shaken and ultrasonicated (2 minutes) to remove air 

bubbles and weighed on a four-figure balance. All measurements were performed in 

triplicate. Although this method was used to determine filled polymer density, modified 

methods can be used to verify sample porosity [74]. 

 

 

2.4.4 Mechanical Properties 

Five ‘dumbell’ test bars were cut from the plaques prepared (described in Section 

2.2.3). The shape of the dumbbell (Figure 2.5) cut is determined by the rigidity and 

thickness of a PVC plaque (in this case 6mm). Hence each dumbbell specimen was 

cut to thickness, 6mm, width 27 mm, length 117 mm, gauge length 45 mm   

 

Figure 2.5 Tensile test bar (middle section) gauge length 45 mm. 

 

Test bars were loaded into tensile grips and attached to the extensometer of the tensile 

test instrument. 

 

Stress-strain curves were obtained using a Tinius Olsen H10KS (Figure 2.6) 

tensiometer fitted with an extensometer, and data was processed using Horizon 

software. Modulus values were determined using Horizon software program for ASTM 

D638 with a crosshead speed of 50 mm min-1 until rupture of the sample. This standard 
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test method is one of the most common plastic strength specifications and covers the 

tensile properties of unfilled and filled polymers.   

  

 
 

Figure 2.6 Tinius Olsen H10KS tensiometer. 

 

 

2.4.5 Thermal Properties 

 

Thermogravimetric analysis (TGA) was carried out using an SDT 650 thermal analysis 

instrument (TA Instruments) in N2 atmosphere (50 mL/min). Standard TGA was 

undertaken at a heating rate of 10 ◦C/min and a temperature ramp of 25 to 300 ◦C. 

Isothermal TGA was undertaken by ramping to 180oC at 100oC/min and then held at 

this temperature for 90 min under N2. 

 

Thermal conductivity was predicted using theoretical equations (Equations 5.2 and 

5.3) and compared with data supplied for the commercial sample. 
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3.0  Results and Discussion 

 

3.1 Rationale for synthetic procedure adopted 

A range of molecular templates to direct crystallisation by controlled nucleation of Ca2+ 

and CO3
2- to produce hollow calcium carbonate has been described in the introduction 

(Sections 1.4.1.1 and 1.4.1.2). Polyelectrolytes are commonly used as templates for 

self-assembly, especially when stable, homogeneous films are required. The most 

prevalent are commercially available polymers that are grouped as cationic (e.g., 

poly(ethyleneimine), poly(allylamine), poly(allylamine hydrochloride 

poly(diallyldimethylammonium chloride), diazo-resin) and anionic (poly(styrene 

sulfonate), poly(vinylsulfate) and poly(acrylic acid) [75-78]. The literature reports that 

the colloidal template may be used as a sacrificial core. Following multilayer assembly 

by sequential adsorption the core is removed by either chemical methods or 

calcination. This process allows a higher degree of control over particle size, shape, 

and wall thickness. 

Here rationale for the selection of a cationic electrolyte with high charge density, 

namely Poly(diallyldimethylammonium chloride) (PDADMAC or PDDA), as a colloidal 

template to produce hollow calcium carbonate is presented. PDDA has been used as 

a template in production of both hollow silica and titania [79].  Akhondi and 

Jamalizadeh have prepared cubic and spherical hollow silica (Figure 3.1) using a hard 

templating method with polystyrene-PDADMAC and polystyrene-polyethyleneimine 

[80]. Other workers have shown that an understanding of amine-silicate interactions 

enables the formation of both hollow and non-porous silicates to be controlled and 

undertaken under milder conditions (i.e., room temperature in aqueous systems 

around neutral pH) [81]. 

 

An alternative approach that is simple and economical is known as the “self-template” 

method. It has been used to produce porous silica by alkaline treatment of PDDA. The 

PDDA deposited on silica spheres is attacked by hydroxyl ions that permeate the 

template layer and attack the silica sphere to generate dissolved silicate oligomers in 

the presence of ammonia. The oligomers are negatively charged and deposit on the 
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positively charged PDDA forming a silica-PDDA shell. Sodium hydroxide is then used 

to etch the interior of the silica spheres [82]. 

The influence of ammonia and selected amines on the characteristics of calcium 

carbonate precipitated from calcium chloride solutions via carbonation has been 

reported in the literature [83]. Although the latter work does not encompass the 

preparation of hollow calcium carbonate, it does add confidence to an approach based 

on colloidal self-templating using PDDA to allow a high degree of control over particle 

size, shape, and wall thickness. Furthermore, such a tactic is attractive from a 

commercial perspective because the raw materials are low cost, readily available and 

reaction times are short. Hence this approach has been adopted in this study. To 

establish how the presence of PDDA, PDDA concentration, mixing time, 

ultrasonication and calcination affect the morphology and structure of calcium 

carbonate a simple experimental design was used, by varying components. 

 

 

 

Figure 3.1 TEM images of hollow silica prepared using a PDADMAC template: 

Hollow cubic morphology (a) and hollow spherical morphology (b) 

(Reproduced from [80]) 
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3.2 Synthesis and Structure of Hollow Shell Calcium Carbonate 

3.2.1  Comparison of absence and presence of a molecular template (additive) 

Previous studies have shown that the chemical composition of ACC (amorphous 

calcium carbonate) is nominally hydrated calcium carbonate (CaCO3.H2O), with a 

calcium-rich nanoscale framework with pores containing water and carbonate ions 

[84]. However, as stated in the introduction, ACC is thermodynamically unstable and 

crystallises at room temperature from aqueous solution (in minutes to hours) leading 

to calcite and/or vaterite depending on conditions (Figure 3.2 and Figure 3.3). 

The highly porous spherical particles of calcite and/or vaterite produced by rapid 

mixing, in the absence of a molecular template, can be seen in the SEM image in 

Figure 3.1 (MP11: [Ca2+] 10 mL of 1.0 M, aq. + [CO3
2-], 10 mL of 1.0 M, aq., combined 

stir time 15 mins). The presence of both calcite (40%) and vaterite (60%), rather than 

ACC, is confirmed by XRD in Figure 3.3.  The SEM (Figure 3.2) also shows the 

relatively small size of the spherical particles produced (<2 m), which is expected due 

to the shorter mixing time of 15 minutes. 

 

Figure 3.2 SEM image of calcium carbonate synthesised by precipitation in the absence 
of PDDA additive (MP11) 
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Figure 3.3 Selected region of XRD spectra of (a) individual calcium carbonate polymorphs 

synthesised by precipitation with no additive (Reproduced from [72]) and (b) 
calcium carbonate synthesised by precipitation in the absence of PDDA 
additive (MP11) 

 
 

Figure 3.5 illustrates the effect of addition of chitin as a molecular template to the 

solution of Ca2+ ions (MP2: [Ca2+] 0.1 M in 10 mL aq. Chitin 0.5 wt% + [CO3
2-], 10 mL 

of 1.0 M, aq., combined stir time 60 mins), while the CO3
2- ions remain as an aqueous 

solution with no additive present. After mixing and stirring for 60 minutes the SEM of 

the calcium carbonate formed suggests that rhombohedral calcite crystals are formed. 

This is likely driven by precipitation of the calcite polymorph on chitin, facilitated by 

interaction with its carbonyl and amide groups (Figure 3.4 (1) and (2)) [85]. Despite 

the longer mixing time (60 minutes) there is evidence that ACC diffusion is incomplete. 

 

      

Figure 3.4 Structure of chitin (1)     Structure of chitin (2) 



83 | P a g e  
 

 

 

Figure 3.5 SEM image of calcium carbonate synthesised by precipitation from Ca+ 
(aq, 0.1M) in the presence of chitin as a molecular template (0.5 wt.%) 
(MP2) 

 

Figure 3.6 shows the effect of replacing chitin with PDDA as a molecular template to 

the solution of Ca2+ ions (MP1: [Ca2+] 0.1 M in 10 mL aq. PDDA 0.5 wt% + [CO3
2-], 10 

mL of 1.0 M, aq., combined stir time 60 mins), with CO3
2- in water.  It might be expected 

that as a cationic electrolyte with high charge density (Figure 2.2, Section 2.2.1) it 

could direct crystallisation and nucleation. Unfortunately, there is little evidence of 

‘controlled’ precipitation when PDDA is added only to the Ca2+ solution. Instead, calcite 

crystals (rhombohedral) attached to vaterite (spherical), with the development of 

growth steps on the calcite surface is seen. However, there is some evidence that the 

calcite formed is hollow (highlighted by yellow circles, Figure 3.6) [86]. Reducing the 

concentration of Ca2+ did drive the reaction towards the formation of calcite, though 

crystal formation is still transitional (i.e., ACC diffusion is still not complete, Figure 3.7, 

MP3: [Ca2+] 0.01 M in 10 mL aq. PDDA 0.5 wt% + [CO3
2-], 10 mL of 1.0 M, aq., 

combined stir time 60 mins). Samples M1, MP2 and MP3 have been stirred for 60 

minutes rather than 15 minutes (MP11) to allow longer time for the phase transition to 

take place. 
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Figure 3.6 SEM image of calcium carbonate synthesised by precipitation from Ca+ 
(aq, 0.1M) in the presence of PDDA as a molecular template (0.5 wt.%) 
(MP1). Areas circled yellow highlight evidence for hollow particles 

 

 

Figure 3.7 SEM image of calcium carbonate synthesised by precipitation from Ca+ 
(aq, 0.01M) in the presence of PDDA as a molecular template (0.5 wt.%) 
(MP3) 
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3.2.2  Effect of addition of PDDA to solutions of Ca2+ and CO3
2- before mixing 

From the SEM image of MP4 ([Ca2+] 1.0 M in 10 mL aq. PDDA 0.5 wt% + [CO3
2-], 1.0 

M in 10 mL aq. PDDA 0.5 wt%, combined stir time 15 mins) in Figure 3.8, it was seen 

that keeping the concentration of PDDA constant but doubling the concentration of 

Ca2+ and CO3
2-, resulted in the formation of spherical crystals. These were confirmed 

as calcite and vaterite by XRD (Figure 3.9).  

 

 

Figure 3.8 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 10 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 10 mL) in 
PDDA (aq.,0.5 wt.%) followed by stirring for 15 minutes (MP4). 

 

In sample MP5 ([Ca2+] 1.0 M in 10 mL aq. PDDA 1.0 wt% + [CO3
2-], 1.0 M in 10 mL 

aq. PDDA 1.0 wt%, combined stir time 15 mins, Figure 3.10) the concentrations of 

Ca+ and CO3
2- solutions were each kept at 1.0 M, but the concentration of PDDA was 

doubled, while the stirring time after mixing remained at 15 minutes. Again, spherical 

particles are formed (probably of vaterite and calcite) but at this shorter timeframe 

transition to rhomboidal calcite is not evident. 
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Figure 3.9 Selected region of XRD spectra of (a) individual calcium carbonate 
polymorphs synthesised by precipitation with no additive (Reproduced 
from [72]) and (b) calcium carbonate synthesised by precipitation in the 
presence of PDDA additive (MP4) 

 

 

Figure 3.10 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 10 mL) in PDDA (aq., 1.0 wt.%) and CO3

2- (1.0 M, 10 mL) in 
PDDA (aq.,1.0 wt.%) followed by stirring for 15 minutes (MP5). 
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Figure 3.11 shows the expanded areas of the SEM images of CaCO3 precipitates of 

MP4 and MP5 for the different PDDA concentrations. As the PDDA concentration is 

increased the morphologies change to more uniform spherical structures. It is 

expected that lower PDDA concentration reduces its ability to bridge nanoscale 

particles [87]. However, the spheres in MP5 appear to be more solid than those in MP4 

(see area circled). This could be caused by long chains of the PDDA surrounding 

microspheres preventing CaCO3 particles in the interior diffusing out, so increasing 

the nucleation density. 

 

(a) MP4 

 

(b) MP5 

 

 

Figure 3.11 Expanded SEM image of calcium carbonate for samples MP4 (taken 
from Figure 3.9) and MP5 (taken from Figure 3.10). Areas circled 
yellow highlight evidence for hollow particles 

 
 
 

For sample MP7 ([Ca2+] 0.5 M in 10 mL aq. PDDA 0.5 wt% + [CO3
2-], 0.5 M in 10 mL 

aq. PDDA 0.5 wt%, combined stir time 60 mins) PDDA was present at the same 

concentration as sample MP4, but the combined solutions were stirred for a longer 

time of 60 minutes. Furthermore, the concentrations of Ca2+ (0.5 M) and CO3
2- (0.5 M) 

were reduced in comparison to MP4. This effectively increased the relative amount of 

PDDA in MP7. Evidence of greater solidity in samples when stirred for longer times, 

with higher concentrations of molecular template, is supported by the SEM image for 
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MP7 in Figure 3.12. Again, it is seen that the longer time has promoted the formation 

of (solid) rhombohedral calcite. 

 

Figure 3.12 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (0.5 M, 10 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (0.5 M, 10 mL) in 
PDDA (aq.,0.5 wt.%) (MP7). 

 

 

3.2.3  Effect of dilution of solutions of Ca2+ in PDDA and CO3
2- in PDDA before 

mixing 

Compared to sample MP7, sample MP6 ([Ca2+] 0.1 M in 100 mL aq. PDDA 0.5 wt% + 

[CO3
2-], 0.1 M in 100 mL aq. PDDA 0.5 wt%, combined stir time 60 mins) further 

reduces the concentration of Ca2+ (0.1 M) and CO3
2- (0.1 M). Overall dilution and 

longer stirring time (60 minutes) further supports the arguments in the previous 

section. The SEM image (Figure 3.13) shows porosity in the spherical particles, along 

with evidence of rhombohedral calcite. 
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Figure 3.13 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 100 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 100 mL) 
in PDDA (aq.,0.5 wt.%) (MP6). 

 
 

Similarly, sample MP15 ([Ca2+] 1.0 M in 300 mL aq. PDDA 0.5 wt% + [CO3
2-], 1.0 M in 

300 mL aq. PDDA 0.5 wt%, combined stir time 60 mins) is of identical concentrations 

to sample MP4 but scaled-up in volume (300 mL c.f. 10 mL). Because samples MP14 

([Ca2+] 1.0 M in 300 mL aq. PDDA 0.5 wt% + [CO3
2-], 1.0 M in 300 mL aq. PDDA 0.5 

wt%, combined stir time 60 mins) and MP15 were made by identical methods, the 

SEM for sample MP15 is given here as being representative. The SEM image (Figure 

3.14) clearly shows the porous nature of the particle. 

 

Sample MP15 can also be compared with sample MP9 (Figure 3.15), but in the latter 

case the stirring time is reduced to 15 minutes. The contrast between the two samples 

is obvious with significantly less porosity in the sample stirred for only 15 minutes c.f. 

60 minutes. This suggests that Ostwald ripening is an important factor in particle 

growth and phase transitions [88]. 
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Figure 3.14 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 300 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 300 mL) 
in PDDA (aq.,0.5 wt.%) and stirring for 60 minutes (1 hour) (MP15). 

 

 

Figure 3.15 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (0.1 M, 300 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 300 mL) 
in PDDA (aq.,0.5 wt.%) (MP9). 
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3.2.4  Effect of extended mixing time 

The influence of mixing time on morphology is further emphasised by comparing the 

SEM images in Figure 3.16 (MP15: [Ca2+] 1.0 M in 300 mL aq. PDDA 0.5 wt% + [CO3
2-

], 1.0 M in 300 mL aq. PDDA 0.5 wt%, combined stir time 60 mins), Figure 3.17 (MP16: 

[Ca2+] 1.0 M in 300 mL aq. PDDA 0.5 wt% + [CO3
2-], 1.0 M in 300 mL aq. PDDA 0.5 

wt%, combined stir time 120 mins) and Figure 3.18 (MP18: [Ca2+] 1.0 M in 300 mL 

aq. PDDA 0.5 wt% + [CO3
2-], 1.0 M in 300 mL aq. PDDA 0.5 wt%, combined stir time 

1440 mins), where stirring time is increased (1, 2 and 24 hours). 

The process of spherulitic growth, dissolution and reprecipitation usually take place 

during the first 15 minutes of stirring (reaction). With ACC being converted to spherical 

porous vaterite (and calcite) (Figure 1.38, reproduced here for ease of comparison 

from Section 1.4.2.3). The SEM for MP15 (Figure 3.16) shows that the transition to 

highly porous vaterite has taken place after 60 minutes. By 120 minutes, diffusion of 

ACC from the pore interior to the outer surface has resulted in smoother, spherical 

particles to give a vaterite/calcite mixture (Figure 3.17, MP16). After 1440 minutes (24 

hours), the transition to calcite crystals with some vaterite casts is seen [89]. The 

hollow nature of the rhombohedral calcite is implied by the area highlighted in the SEM 

(yellow circle, Figure 3.18). 

 

 

Figure 1.38 Schematic diagram to represent the pathway for ACC-vaterite-calcite 

crystallisation. (Reproduced from [70]) 
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Figure 3.16 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 300 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 300 mL) 
in PDDA (aq.,0.5 wt.%) and stirring for 60 minutes (1 hour) (MP15). 

 

 

Figure 3.17 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 300 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 300 mL) 
in PDDA (aq.,0.5 wt.%) and stirring for 120 minutes (2 hours) (MP16). 
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Figure 3.18 SEM image of calcium carbonate precipitated after mixing solutions of 
Ca+ (1.0 M, 300 mL) in PDDA (aq., 0.5 wt.%) and CO3

2- (1.0 M, 300 mL) 
in PDDA (aq.,0.5 wt.%) and stirring for 1440 minutes (24 hours) (MP18). 

 

3.2.5  Effect of ultrasonication 

Figure 3.19 shows the SEM image of sample MP8, which was prepared by the addition 

of water (10 mL) to 0.2 g of MP4 ([Ca2+] 1.0 M in 10 mL aq. PDDA 0.5 wt% + [CO3
2-], 

1.0 M in 10 mL aq. PDDA 0.5 wt%, combined stir time 15 mins), followed by 

ultrasonication, centrifugation and drying. Here ultrasonication has produced particles 

that are slightly smaller in size c.f. MP4, but again resulted in hollow particles (c.f. with 

scaling up to 300 mL). Sample MP10 (Figure 3.30) was prepared by addition of water 

(10 mL) to 0.2 g of MP9 ([Ca2+] 0.1 M in 300 mL aq. PDDA 0.5 wt% + [CO3
2-], 0.1 M 

in 300 mL aq. PDDA 0.5 wt%, combined stir time 15 mins). In contrast to sample MP8, 

here the addition of water, followed by ultrasonication, centrifugation and drying, did 

not produce hollow spheres.  
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Figure 3.19 SEM image of calcium carbonate prepared from sample MP4 (0.2 g), 
and addition of water (10 mL) followed by ultrasonication (1 hour), 
centrifugation and drying (MP8) 

 

 

Figure 3.20 SEM image of calcium carbonate prepared from sample MP9 (0.2 g), 
and addition of water (10 mL) followed by ultrasonication (1 hour), 
centrifugation and drying (MP10) 
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3.3 Properties of PVC formulations containing Hollow Fillers 

3.3.1  SEM and XRD 

Figure 3.21 depicts the SEM image of borosilicate glass microspheres, typical of a 

commercial PVC boat-decking formulation. The spheres have survived a 

compounding and extrusion process with little evidence of fracture, suggesting they 

have a high crush density. The spheres are approximately 10-20 m in diameter, are 

well dispersed and, there is no adhesion to the PVC matrix, demonstrating that a 

coupling agent has not been used.  

 

(a) 

 

 (b)  

 

 
Figure 3.21 SEM image of hollow glass spheres in a commercial PVC formulation   
 

 

The formulation containing hollow glass spheres prepared in this study is given in 

Figure 3.22 for 15 wt.% and 24 wt.% iM16K. No coupling agent was used in these 

samples.  

 

 

 



96 | P a g e  
 

(a) 

 

 (b)  

 

 
Figure 3.22 SEM image of hollow glass spheres 15 wt% (a) and 24 wt.% (b) for 

PVC formulations prepared according to Table 2.2, Section 2.2.2. 
 

To affect a comparison with the hollow glass spheres, the calcium carbonate sample 

selected to incorporate in an identical PVC formulation was MP16 ([Ca2+] 1.0 M in 300 

mL aq. PDDA 0.5 wt% + [CO3
2-], 1.0 M in 300 mL aq. PDDA 0.5 wt%, combined stir 

time 120 mins). The SEM image in Figure 3.23 (b) illustrates this sample is highly 

porous, but the particle size is only 2-4 m in diameter. The method for preparation for 

sample MP16 was used to prepare ‘identical’ batches of samples MP21, MP22 and 

MP23. After preparation each of these samples were heated for four hours at 80oC to 

drive off bound water and then calcined at 550oC for four hours.  

 

(a) 

 

(b) 

 

  

Figure 3.23 SEM image of calcium carbonate sample MP16. 
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Figure 3.24 Selected region of XRD spectra of (a) individual calcium carbonate 
polymorphs synthesised by precipitation with no additive (Reproduced 
from [81]) and (b) calcium carbonate synthesised by precipitation in the 
presence of PDDA additive calcined at 550oC for 4 hours (MP21) 

 
 

Heating vaterite in the presence of oxygen transforms it progressively to the calcite 

polymorph. Nassrallah-Aboukaïs and coworkers have shown that vaterite remains 

thermally stable up to a calcination temperature of 450°C. At 481°C, they found that a 

small amount of calcite was formed on the vaterite surface in a humid atmosphere. 

The transformation of the vaterite bulk continued at 491°C, with calcite being formed 

up to 500oC. The calcite phase then remained stable up to 700°C, but above this 

temperature CaO was formed [90]. 

 

Figure 3.24 shows the XRD for the first batch of calcium carbonate synthesised by 

the method for MP16 and then calcined at 550oC to give sample MP21. The vaterite 

polymorph has been converted to calcite, consistent with the literature. This is 

confirmed by the SEM image in Figure 3.25, which shows the characteristic 

rhombohedral crystals of calcite. 
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Figure 3.25 SEM image of calcium carbonate (MP21) produced by heating sample 
MP16 for 4 hours, followed by calcination at 550oC for 4 hours 

 

 

The XRD for MP23 (Figure 3.26) and SEM image of MP23 (Figure 3.27) can be 

compared. Essentially, they should be identical to the respective SEM and XRD for 

MP21, since they were prepared by the same methodology. This is true for the XRD 

in Figure 3.26, where the calcite polymorph is confirmed. However, the SEM image 

suggest that the samples formed are at slightly different stages of transformation. It 

may be possible that for sample MP21 in Figure 3.25 there is a slight surface vaterite 

casting, though this should be confirmed by further analysis.   
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Figure 3.26 Selected region of XRD spectra of (a) individual calcium carbonate 
polymorphs synthesised by precipitation with no additive (Reproduced 
from [83]) and (b) calcium carbonate synthesised by precipitation in the 
presence of PDDA additive calcined at 550oC for 4 hours (MP23) 

 

 

Figure 3.27 SEM image of calcium carbonate (MP23) produced by heating sample 
MP16 for 4 hours, followed by calcination at 550oC for 4 hours. Areas 
circled yellow highlight evidence for hollow particles. 
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Samples MP21 and MP23 were then incorporated into PVC at 15 wt% (Figure 3.28) 

and 24 wt.% (Figure 3.29) respectively. The lack of adhesion to the PVC matrix, due 

to absence of a coupling agent, is seen as for hollow glass microspheres. 

 

 
 

Figure 3.28 SEM image of calcium carbonate in a commercial PVC formulation   
 

 

 
 

Figure 3.29 SEM image of hollow glass spheres in a commercial PVC formulation   
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3.3.2  Mechanical properties 

Usually, fillers are added to thermoplastics to increase stiffness (modulus). However, 

for boat decking the main purposes of the (hollow) filler are light-weighting and thermal 

insulation. Despite this, the tensile and flexural moduli of the composite, which are 

rather similar, should meet an acceptable service-life value. The effect of addition of 

filler on the modulus of a thermoplastic is generally understood [91]. The simple ‘rule 

of mixtures’ provides a good estimation of the influence of filler level on mechanical 

properties at low strain levels, provided the filler distribution is isotropic [92]. For 

anisotropic fillers, which align in the direction of flow on processing, there are 

significant deviations from ‘rule of mixtures’ relationships.  

As the volume percentage of filler is increased to ca. 20 volume percent, the 

relationship between filler amount and increase in mechanical properties is linear. It 

should be borne in mind that the method of preparation of test samples influences 

mechanical properties. For example, for injection moulded ‘dog bone’ shaped tests 

specimens there is often higher filler orientation than in normal processing, resulting 

in higher mechanical property values. Polymer-filler, filler-filler (e.g., in mica) and other 

interparticle interactions also influence the final mechanical properties [93-95]. A wide 

range of different fillers were examined by Pukansky [96]. Here the Young’s modulus 

and the amount of filler bonded to the polymer (polypropylene) correlated with filler 

surface area and hence particle size and shape. The importance of the strength of 

interaction between the filler surface and polymer has also been demonstrated by 

Schreiber and Germain [97]. From these studies it is inferred that particle debonding, 

particle re-orientation and polymer orientation during processing and service life are 

also likely to play a part.   

To validate data obtained in this study (and provide a benchmark for acceptable 

service-life properties) a comparison was made using a commercial compound 

designed for PVC-based boat decking. The stress-strain curves generated from the 

compound provided are given in Figure 3.30. The data obtained from an external 

laboratory on the same compound is compared with this data in Table 3.1. There is 

an acceptable correlation between the data from the two sources, but it should be 

noted that any variability may be due to specifics of test methodology and inclusion of 

additional process additives.  
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Table 3.1 Mechanical property data for commercial PVC compound containing 
hollow glass sphere filler. 

 

 Commercial Sample* 
(Data from external Lab) 

Commercial Sample** 
(Data from current study) 

Tensile strength (MPa) 8.0 8.0 
Yield strength (MPa) - 4.3 

Extension at break (%) 165 200  

Modulus at 100% (MPa) 6.7 6.2  

Modulus at 50% (MPa) - 4.76  

*BS2782 320A      **D638 
 

 

Figure 3.30 Stress-strain curves for test bars cut from plaques pressed from 
commercial PVC compound containing hollow glass filler. 

 

Figure 3.31 and Figure 3.32 depict the tensile test data for PVC formulations 

containing hollow glass sphere filler at 1 wt.% and 25 wt.% respectively. Specific 

mechanical property data is given in Table 3.2. According to standard method D638, 

five replicates of each sample were tested, and an average value of the mechanical 

property quoted in the table. Mechanical failure of filled plastics samples is influenced 

by not only by the polymer-filler, filler-filler and other interparticle interactions 

mentioned previously, but also the distribution of particles in the matrix and any 

agglomeration. Data may therefore produce apparent outliers from some test bars cut 

from replicates within a given plaque, though these are included in the data under the 

test method to account for this. 
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Figure 3.31 Stress-strain curves for PVC formulation (see Table 2.2) containing 
hollow glass filler (15 wt.%) 

 

 

 

Figure 3.32 Stress-strain curves for PVC formulation (see Table 2.2) containing 
hollow glass filler (24 wt.%) 
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Table 3.2 Mechanical property data for PVC formulations (see Table 2.2) 
containing hollow glass sphere filler (at 15 wt.% and 25 wt.%) 

 

 HGS (15 wt.%)  HGS (24 wt.%) 

Tensile strength (MPa)  6.3 7.5 
Extension at break (%) 93  186  

Modulus at 100% (MPa)  6.9 3.2 

Modulus at 50% (MPa) 4.9 2.0 

 
 

The data is consistent with observations reported by other workers. Liang [98] has 

shown that for PVC filled with hollow glass beads tensile yield strength decreases 

gradually with increasing volume fraction of hollow glass spheres. In contrast, the 

tensile break strength (in the range 0-20 wt.% filler) was somewhat greater than that 

of unfilled PVC. The notched impact strength decreased significantly with increasing 

volume fraction of filler to a minimum and then increased slightly, with the influence of 

filler size being insignificant. Experimental values were in good agreement with 

calculated values from equations defined in [99]. 

 

Table 3.3 summarises the tensile test date in Figure 3.33 and Figure 3.34 for 

corresponding samples containing hollow calcium carbonate (rhombohedral) at 15 

wt.% and 24 wt.% respectively. The mechanical properties are mostly consistent with 

those for the commercial samples and those containing hollow glass spheres. 

However, it should be recognised that the laboratory test samples were produced by 

compression (press) whilst the commercial samples were produced by extrusion. 

However, the correlation of improved tensile strength and extension at break at the 

higher filler loading (24 wt.%) is evident.  

 

Whilst tensile stress-strain curves give a good, initial indication of the performance and 

integrity of the filled polymer, other mechanical properties are likely to be important for 

boat-decking applications. Here impact and puncture strength, along with abrasion 

resistance as a function of filler shape, addition level and crush strengthshould be 

assessed. Furthermore, the effect on mechanical properties of hollow particles 

crushed during recycling is required to quantify the amounts of recyclate that can be 

realistically incorporated into reprocessed composite. 
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Table 3.3 Mechanical property data for PVC formulations (see Table 2.2) 
containing hollow calcium carbonate filler (at 15 wt.% and 25 wt.%) 

 

 Hollow CaCO3 (15 wt.%)  Hollow CaCO3 (24 wt.%) 

Tensile strength (MPa)  6.5 7.8 
Extension at break (%) 92  200 

Modulus at 100% (MPa) 8.1  4.6 

Modulus at 50% (MPa) 6.8 2.6 

 

 

Figure 3.33 Stress-strain curves for PVC formulation (see Table 2.2) containing 
hollow calcium carbonate filler (15 wt.%) 

 

 

 

Figure 3.34 Stress-strain curves for PVC formulation (see Table 2.2) containing 
hollow calcium carbonate filler (24 wt.%) 
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3.3.3 Density 

As stated previously, one of the main objectives when adding hollow filler is to reduce 

weight of the composite. Figure 3.35 gives the predicted density for a range of fillers 

in PVC at the lower filler fraction of 0.15 and higher filler fraction of 0.24. Data has 

been calculated using ‘rule of mixtures’ equations (given in Section 3.2.5). The data 

has been calculated using the more reliable volume percentage in the equations, but 

the corresponding weight percent is given in the figures for ease of comparison. The 

densities of the fillers are given in Figure 3.36. The density of hollow rhombohedral 

calcium carbonate filler is relatively high c.f. other hollow fillers considered in this 

study. This suggests that hollow spherical calcium carbonate, having a significantly 

lower density, would be the better polymorph to use for lightweight applications. It was 

noted in the literature that hollow sphere, rather than hollow cubic or rhombohedral 

fillers tended to have thinner wall thickness, consistent with lower density. The lowest 

density fillers are expandable (Expancel) microspheres, which have substantially 

lower densities than the commercially more widely used hollow glass spheres (IM16K 

and IM30K).  This is reflected in the composite densities given in Figure 3.35. 

 

 

Figure 3.35 Density (g cm-3) of fillers. Predicted data from a range of sources 
(commercial specification sheets, matmatch [100], matweb [101]) 
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Figure 3.36 Density (g cm-3) of PVC composite with filler levels of 15 wt.% and 24 

wt.% (Expancel filler at 3 wt.%). Predicted data from a range of 
sources (commercial specification sheets, matmatch [100], matweb 
[101]) 

 

Some improvements (lower density) are noted, as might be expected, on increase of 

filler fractions from 0.15 to 0.24. However, the overriding factor in reduction in density 

is the use of alternative fillers, namely Expancel microspheres and cork. Note that 

for the composites the effect of packing factors (vol. % c.f. wt.%) in calculations shows 

that in practice cork and the expandable microspheres considered here show similar 

densities at the higher filler level (24 wt.%). 

Table 3.4 compares the predicted data with the experimental data to validate the 

predictive models (‘rule of mixtures’ equations) used. There is good agreement 

between the two sets of data. 
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Table 3.4 Comparison of predicted and experimental data for PVC formulations 
(see Table 2.2) containing hollow calcium carbonate filler (in the range 
15-25 wt.%) 

 
Experimental 

Density 
(g cm-3) 

Predicted 
Density 
(g cm-3) 

Hollow CaCO3 (rhombohedral) 1.330 1.286 

iM16 K (15 wt.%) 1.027 1.054 

iM16 K (24 wt.%) 0.929 0.927 

Commercial sample 1.025 - 

 

Even though there is a good agreement between the predicted and experimental 

density values in this study, it should be realised that this is for a limited number of 

samples. In reality, the ‘rule of mixtures’ equation (Equation 5.1), does not compensate 

for the crush strength of the hollow particles as a function of shape and fill level (wt. 

%). From the limited amount of data, for the hollow glass spheres (iM16 K) there is a 

closer agreement between predicted density and experimental density at 24 wt.% 

(0.927 g cm-3 c.f. 0.929 g cm-3) that at 15 wt.% (1.054 g cm-3 c.f. 1.027 g cm-3). 

Although it is logical that a higher amount (24 wt.% c.f. 15 wt.%) of hollow filler should 

reduce the density of the final composite, it does not necessarily follow that under 

given processing conditions the percentage of filler crushed during processing is 

linear. In addition, the largest deviation between predicted and experimental densities 

for the hollow CaCO3, which is rhombohedral in shape. An understanding of how 

shape influences crush density (e.g., spherical versus hollow rods) would refine 

predictive models. 

 

3.3.4 Thermal Properties 

The influence of the glass and calcium carbonate hollow fillers on the thermal 

stability of PVC is seen in Figure 3.37 and Figure 3.38. PVC is the most thermally 

sensitive of the major thermoplastic resins. As such, it is subject to degradation 

during processing and end-use with stability also influenced by the type and level of 

filler [102-105]. PVC degrades by a two-step process. Dehydrochlorination of the 

carbon backbone to eliminate HCl takes place, then the HCl catalyses chain-scission 

and further dehydrochlorination (Figure 3.37). To prevent this, stabilisers (calcium 

and zinc stearates) are added to the formulation to serve as acid scavengers.  
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Figure 3.37 Thermogravimetric weight loss (%) for PVC formulations containing 
hollow glass spheres (15 wt.% and 24 wt.%) and hollow calcium 
carbonate (15 wt.% and 24 wt.%), under isothermal conditions at 
180oC (ramp rate 100oC/min) for 90 minutes under nitrogen 

  

 

Figure 3.38 illustrates that, compared to hollow glass filler, calcium carbonate as a 

basic mineral filler can neutralise HCl, so slowing dehydrochlorination and hence 

thermal degradation of PVC. The two levels of addition 15 wt.% and 24 wt.% show 

that the rate of weight loss is faster for PVC containing hollow glass microspheres 

compared with hollow calcium carbonate. 

Differences are most pronounced during the initial period of rapid weight loss (0-10 

minutes). Thereafter, there is a slower rate of degradation (10-90 minutes) (Figure 

3.37). 
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Figure 3.38 Thermogravimetric weight loss (%) for PVC formulations containing 
hollow glass spheres (15 wt.% and 24 wt.%) and hollow calcium 
carbonate (15 wt.% and 24 wt.%), under isothermal conditions at 
180oC (ramp rate 100oC/min) under nitrogen, at 10 minutes (a) and 10-
90 minutes (b). 

 

 

To measure the thermal conductivity of materials several methods may be employed. 

Normally thermal diffusivity is measured and then by using heat capacity values of 

materials the thermal conductivity calculated. Unfortunately, relatively large samples 

are required to carry out these measurements. More recently DSC has been 

employed. Here a known mass of material is heated, cooled, or subjected to a 

controlled temperature and its heat capacity recorded as changes in heat flow. As 
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thermal stability, and heat capacity. To measure thermal conductivity by DSC two 

methods are adopted. In the first a pure metal is place on top of the material under 

test and heated to the melting point of the metal. Hence, the thermal conductivity is 

obtained at the melting point of the metal. In the second, more complex method, 

thermal sensors are employed to obtain thermal conductivity over a specific 

temperature range. Other methods have been reported that use an accessory to 

measure thermal contact resistance and hence thermal conductivity, rather than 

thermal sensors. 

Regrettably, technical issue with the instrument meant that samples could not be run 

under the required conditions at the time of submission. Hence data has been 

collected from a variety of resources to allow prediction of thermal conductivity using 

the ‘rule of mixtures’, and modified equations (see Section 3.2.5 for relevant 

equations).  

Here it might be expected that for a given polymer (PVC) the lower the conductivity of 

the filler (at a specified filler loading) the lower the thermal conductivity of the final 

composite. Figure 3.39 shows the predicted thermal conductivity of a range of solid 

and hollow fillers in PVC at two different levels (15 wt.% and 24 wt.%).  

As for composite density (Figure 3.36) cork and expandable microspheres show the 

best performance (lower thermal conductivity). However, the poorer insulation 

property of calcium carbonate (even the spherical polymorph) is evident. This is 

expected because the cork and expandable microspheres result in a ‘foam-type’ 

structure. Calcium carbonate on the other hand is used to provide some thermal 

conduction during processing of PVC, so even the production of hollow structures is 

not sufficient to offset this substantially. 
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Figure 3.39 Thermal conductivity (W/m.K) of PVC composite with filler levels of 15 

wt.% and 24 wt.% (Expancel filler at 3 wt.%). Predicted data from a 
range of sources (commercial specification sheets, matmatch [100], 
matweb [101]) 

 

While modified equations for thermal conductivity used in this study (Equation 5.3) 

give better approximations to experimental conductivities of filled polymers, several 

factors may result in deviations between predicted and experimental data. Most 

models indicate that thermal conductivity is linear for spherical particles (on which 

Equation 5.3 is based), but for cubic/rhombohedral fillers when the volume content is 

>10% there is an inflection point and percolation threshold. This relates to the 

influence of filler contacts: the effect of filler contacts for spherical particles being 

very small. In addition, the influence of crush strength needs to be accounted for. 

Although manufacturers of hollow particles give data on isostatic crush strengths, 

limited information is available on how this relates to various polymer processing 

conditions. An estimation of the fraction of hollow particles crushed under various 

processing conditions needs to be undertaken in conjunction with the impact of this 

on physical properties. 
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3.3.5 Ashby Charts: Thermal Conductivity versus Density  

 
Because mechanical properties (Section 3.2.2) were in the region of benchmark 

values for commercial samples and, because decking is supported such that strength 

is not a major property of concern in improving the performance of decking materials 

this has not be considered in this section. Instead, Ashby plots are presented for 

thermal conductivity versus density for a range of fillers and polymers to assess the 

benefits of changing materials on composite function. 

In this section theoretical calculations have been performed and depicted graphically 

to facilitate the comparison of a range of alternative fillers and polymer matrices. The 

figures use the ‘Rule of Mixtures’ equations or their modifications to predict density 

(Equation 5.1) and thermal conductivity (Equation 5.2, Equation 5.3) for a range of 

potential decking materials. Data for individual polymer (Data derived from a range of 

commercial specification sheets, matmatch [100] and matweb [101]). Furthermore, 

prediction of mechanical properties is not presented because there is a good 

understanding of how addition of filler affects the modulus of a polymer. 

 

Equation 5.1  Density () 

 

𝜌𝑐 =  (


𝑓

𝜌𝑓

+ 
1 −  

𝑓

𝜌𝑝

)

−1

 

 

𝜌𝑐 = 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  

𝜌𝑓 = 𝑓𝑖𝑙𝑙𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  

𝜌𝑝 = 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  


𝑓

=  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑖𝑙𝑙𝑒𝑟 

 

Conversion of weight-fraction to volume fraction of filler: 

𝑓𝑣 =  
𝑓𝑤

𝑓𝑤 +  (1 − 𝑓𝑤)
𝜌𝑓

𝜌𝑝

 

𝑓𝑣 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑖𝑙𝑙𝑒𝑟 

𝑓𝑤 = 𝑤𝑒𝑖𝑔ℎ𝑡  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑖𝑙𝑙𝑒𝑟 

𝜌𝑓 = 𝑓𝑖𝑙𝑙𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝜌𝑝 = 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
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Equation 5.2   Thermal conductivity (k or ) 

 

𝑘𝑐 =  (


𝑓

𝑘𝑓

+  
1 −  

𝑓

𝑘𝑝

)

−1

 

 

𝑘𝑐 = 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

𝑘𝑓 = 𝑓𝑖𝑙𝑙𝑒𝑟 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

𝑘𝑝 = 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 


𝑓

=  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑖𝑙𝑙𝑒𝑟 

 

 

 

Equation 5.3  Modified equation for thermal conductivity 

 

 

Potential alternative polymers to PVC and their blends [106-110] are given in Figures 

3.40 (density values) and Figure 3.41 (thermal conductivity values). Polyester and 

epoxy resins are included in the data because they are already used as matrices in 

boat-decking. A range of PVC based polymer blends are included to assess the value 

of adding elastomeric components (e.g., nitrile rubber, thermoplastic polyurethane 

(TPU), chlorinated polyethylene (CPE), chlorinated PVC (CPVC). The rationale behind 

this approach is to improve cushioning underfoot, resistance to staining and potentially 

replace plasticisers (which migrate from the polymer matrix). In the latter case there 

are drives to replace or limit the use of plasticisers in current use, due to environmental 

concerns of health and toxicity. Blends where Polyethylene (PE) has replaced PVC 

are also included because along with epoxy and polyester resins there are bio-based 

routes to their production, making them a more sustainable option; though it should be 

realised that both PVC and PE can be readily recycled.  

Polyolefin elastomers (POE) and polyolefin plastomers (POP) are relatively new type 

of thermoplastic elastomer (TPE) developed in the 1990s. POE/POP are families of 

homogeneous ethylene-based or propylene-based random copolymer produced from 

single-site catalysts that bridged the performance gap between conventional 

polyolefins such as polyethylene and conventional elastomers like ethylene propylene 

diene monomer (EPDM). The density of POP is typically in the range of density of 

0.886 to 0.912 g/cm3. Copolymer resins with lower density are called POE. Ethylene-
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based POE/POP have 65–91% ethylene and 9–35% linear alpha-olefin (LAO). LAO 

such as butene-1, hexene-1, or octene-1 are used. Propylene-based POE typically 

have 70–90% propylene, 10–30% ethylene or butene. Most of these copolymers are 

produced by solution processes. POE/POP have garnered attention because of their 

low density, chemical resistance, processing advantages, good resilience without 

permanent deformation, applications in plastic recycling, and relatively low cost. 

Demand for POE/POP has grown at a significant rate. POE/POP’s unique properties 

make them desirable for extruded products, and elastomeric foamed compound. 

TPU is an attractive material because it imparts not only good elasticity to a polymer 

blend but good stain and abrasion resistance.   

To establish range of performance of the blends data has been presented for fractions 

of polymer-to-elastomer at 80:20 and 20:80. 

 

Figure 3.40 Density (g cm-3) of polymers and polymer blends. Data obtained from a 
range of sources (commercial specification sheets, matmatch [100], 
matweb [101]) 
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Figure 3.41 Thermal conductivity (W/m.K) of polymers and polymer blends. Data 
obtained from a range of sources (commercial specification sheets, 
matmatch [100], matweb [101]) 

The Ashby plots in subsequent figures map thermal conductivity against density.  

A colour key to the data points is given below for Figure 3.42. The same trend in data 

points is observed in other figures so colour coding is not shown, except for the 

commercial PVC sample containing hollow glass spheres (red). 
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Figure 3.42 and Figure 3.43 illustrate that for IM16K there is a closer correlation 

between the samples made in the laboratory and commercial samples at 15 wt.% c.f. 

24 wt.% addition. This suggests that the commercial samples, known to contain hollow 

glass microspheres, represent loadings skewed towards 15 wt.% of filler.  As stated 

earlier for a given filler the same trend in the data for the range of polymers evaluated 

is seen. This is not surprising, given that ‘rule of mixtures’ was applied. Although data 

points demonstrate the range of properties for a given polymer matrix between 80:20 

and 20:80 wt.% of polymer/elastomer, in reality practicable use is more likely to be at 

the 80:20 level.  PE/POP and PE/CPE blends, irrespective of filler show a lower 

density but this is at the expense of higher thermal conductivity.  

 

 

Figure 3.42 Thermal conductivity (W/m.K) versus density (g cm-3) for composite 
polymers (listed in Figs. 3.40 and 3.41) with filler (IM16K) at 15 wt.%. 
Predicted data using from a range of sources (commercial specification 
sheets, matmatch [100], matweb [101]) 
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Figure 3.43 Thermal conductivity (W/m.K) versus density (g cm-3) for composite 
polymers (listed in Figs. 3.40 and 3.41) with filler (IM16K) at 24 wt.%. 
Predicted data using from a range of sources (commercial specification 
sheets, matmatch [100], matweb [101]) 
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plastic microspheres are commercially available so may present a short-term solution 

to achieve property gains and enhanced recyclability (while effective commercial scale 

inorganic hollow fillers are developed).   

 

Figure 3.44 Thermal conductivity (W/m.K) versus density (g cm-3) for composite 
polymers (listed in Figs. 3.40 and 3.41) with filler (spherical, hollow 
calcium carbonate) at 15 wt.%. Predicted data using from a range of 
sources (commercial specification sheets, matmatch [100], matweb 
[101]) 

 

 

Figure 3.45 Thermal conductivity (W/m.K) versus density (g cm-3) for composite 
polymers (listed in Figs. 3.40 and 3.41) with filler (cork) at 15 wt.%. 
Predicted data using from a range of sources (commercial specification 
sheets, matmatch [100], matweb [101]) 
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Figure 3.46 Thermal conductivity (W/m.K) versus density (g cm-3) for composite 

polymers (listed in Figs. 3.40 and 3.41) with filler (Expancel (=0.06 

g/cm3) at 3wt.%. Predicted data using from a range of sources 

(commercial specification sheets, matmatch [100], matweb [101]) 

 

 

Figure 3.47 Thermal conductivity (W/m.K) versus density (g cm-3) for composite 

polymers (listed in Figs. 3.40 and 3.41) with filler (Expancel (=0.025 

g/cm3) at 3wt.%. Predicted data using from a range of sources 

(commercial specification sheets, matmatch [100], matweb [101]) 
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4.0 Conclusions 

 

In this study selected hollow fillers in several polymers and polymer blends were 

evaluated for use in composite boat decking. The focus of the study was to evaluate 

hollow calcium carbonate as an alternative to hollow glass microspheres, which are 

difficult to recycle and abrasive on processing equipment. Because hollow calcium 

carbonate is not in widespread commercial production, the hollow calcium carbonate 

was synthesised by templating with high molecular weight (400000-500000 g mol-1), 

cationic polymer (PDADMAC or PDDA) to direct 3D assembly of hollow structures.   

CaCO3 microparticles were successfully synthesised by application of a high 

molecular weight 400,000-500,000 g mol-1) PDDA as a molecular template. By 

controlling temperature, mixing time, and concentrations of components the 

precipitation reaction could be optimised to generate hollow particles with micron-sized 

dimensions (2-4 m). It was inferred that the particles have hollow cavities from SEM 

images, though this requires further confirmation from TEM (transmission electron 

microscopy). The SEM images do support the presence of hollow ‘apple core’ cavities, 

which suggest that the vaterite and calcite polymorphs (spherical and rhombohedral) 

have a relatively thick, porous shell. Microspheres subjected to calcination for 4 hours 

at 550oC, formed the thermodynamically stable calcite phase (hollow rhombohedral 

crystals, 4-6 microns diameter).  

Inclusion of the calcined micron-sized hollow calcium carbonate at 15 wt.% and 24 

wt.% in plasticised PVC formulations gave mechanical properties in the range 

accepted for current commercial formulations containing hollow glass microspheres. 

Furthermore, the use of calcium carbonate improved the thermal stability of the 

composites.  However, the density of the PVC composite containing the rhombohedral 

calcite was higher that of PVC composites containing hollow glass spheres (IM16K). 

Because shell thickness and cavity dimensions influence density, a factorial 

experimental design is required to synthesise particles with optimal properties (to 

balance particle size, cavity dimensions, wall thickness and crush density). 

The experimental data has been supported by theoretical predictions of density and 

thermal conductivity values for a range of fillers [spherical and rhomboidal calcium 

carbonate, hollow glass spheres (IM16K, IM30K), cork and, expandable microspheres 
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(with densities 0.06 g cm-3 and 0.025 g cm-3)], polymers and polymer blends [epoxy 

and polyester resins, nitrile rubber, thermoplastic polyurethane (TPU), chlorinated 

polyethylene (CPE), chlorinated PVC (CPVC)]. Data was assimilated at 15 wt.% and 

24 wt.% additions (except for the expandable microspheres, where data was 

calculated at the more realistic 3 wt.% levels of addition). Ashby plots of thermal 

conductivity versus density showed that the most significant improvements in lowering 

thermal conductivity and density were obtained by the addition of cork and, 

expandable microspheres. Curves with similar characteristics were obtained for the 

polymers demonstrating further refinement of properties could be obtained by 

changing the polymer matrix. This could then provide additional benefits of improved 

elasticity, stain resistance and reduced abrasion. 

Of interest is that theoretical data predicts that hollow spherical calcium carbonate 

shows intermediate density and thermal conductivity values between the hollow glass 

spheres, cork, and expanded microspheres. This suggests that combinations of 

different hollow fillers could be used to improve recyclability. The addition of hollow 

calcium carbonate, rather than hollow glass spheres, is likely to widen the scope for 

optimisation of properties of PVC. Because calcium carbonate is the common filler in 

most PVC applications there is the opportunity balance mechanical properties and 

density by partially replacing solid particulate calcium carbonate (GCC or PCC) with 

hollow calcium carbonate. More control to tailor properties could encompass 

enhanced productivity by faster cooling rates from the melt and lead to better 

dimensional stability and reduced thermal conductivity. All this could be possible with 

only minor modifications to existing equipment. 

 

.   
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5.0 Recommendations for Future Work 

 

Although the hollow calcium carbonate synthesised in this study has revealed its 

potential as a hollow filler in PVC, when compared with hollow glass spheres, 

alternative hollow spheres warrant further inspection. Initial experimental results lend 

value to the data calculated and presented in the Ashby charts. However, this requires 

further validation. Given the large number of samples that could be screened as 

potential decking materials, the number of experiments needs limiting by application 

of factorial experimental design. Here key properties should include hardness and 

abrasion resistance in addition to thermal conductivity, density, and mechanical 

properties. In particular, the types of expandable microspheres should be extended to 

different densities and materials to facilitate incorporation in alternative base polymers 

to PVC. This would give flexibility in responding to market demands and constraints. 

In addition to hollow calcium carbonate, other inorganic hollow spheres have been 

synthesised and evaluated including SiO2 [114] and TiO2 [115]. There would be value 

in adding these to the list of fillers to be assessed. Coated solid particle titanium dioxide 

(rutile) is already used in rigid PVC applications (window profiles and pipes). Hence, 

the possibility to combine hollow TiO2 for light-weighting, along with the transfer of the 

hollow calcium carbonate technology to other PVC applications presents itself.  

Another possibility is a mixture of glass and plastic microspheres. It has been reported 

that such hybrid materials can incorporate high filler fractions, which could be cost 

competitive on a volume basis with those currently used in decking [116]). 

Furthermore, this would reduce abrasion on processing equipment. 

Although hollow calcium carbonate spheres have been synthesised in this project 

using a templating method a full-cost-benefit analysis should be undertaken, 

comparing methods of production (e.g., carbon dioxide bubbling). Also, the calcium 

carbonate incorporated in the PVC formulations was calcined prior to addition. This 

resulted in a transition from vaterite/calcite spherical particles to rhombohedral calcite. 

The experiment should be repeated incorporating the calcium carbonate without 

calcination. Although calcination was undertaken to remove the template or species 

that had not reacted from the particle core, and to facilitate compatibility with the 
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polymer matrix, a temperature below the calcination temperature (<550oC) could be 

used to achieve this.   

In addition, increased compatibility between the filler and polymer matrix may be 

improved by addition of a coupling agent. The experiments could be quickly repeated 

for the PVC formulations used in this study adding the titanate coupling agents that 

are used commercially to enhance compatibility between PVC and calcium carbonate 

(GCC and PCC) fillers. Such coupling agents are also likely to be effective when hollow 

glass spheres are used. 

In summary a preliminary assessment of the potential of alternative decking materials 

has been achieved in this study, but a more systematic assessment with a view to 

short term, medium term, and long-term development of the composites in boat 

decking should be undertaken. 
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Appendix 1 SEM images of samples MP12 (a) and MP13 (b) (see Table 2.1) 
 

 

  

 

 


