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Abstract 

This dissertation presents four different projects that aim at developing wood-thermoset 

composite systems that can be used for additive manufacturing (AM) purposes. AM is a 

promising technology that can aid in the utilization of sawmill residues with the direct 

fabrication of complex structures. With this goal in mind, the use of two traditional thermoset 

resins (phenol resorcinol formaldehyde (PRF) and melamine-modified urea formaldehyde 

(UF)) and a geo-based adhesive (sodium silicate (SS)) in composite fabrication were 

explored. Natural fibers of wood (40 and 200 mesh) and denim fibers were considered in 

high loadings from 50 to 90 wt.%. Material based extrusion technique of AM was used for 

this study. Curing studies and kinetics of the various resins and blends were explored using 

modulated differential scanning calorimetry (DSC) and activation energy was determined 

between 51 kJ/mol and 271 kJ/mol for PRF and wood blends, 100 kJ/mol and 367 kJ/mol for 

UF and wood blends; and 85 kJ/mol and 125 kJ/mol for SS and wood blends, respectively. 

The use of CO2 as an alternative curing mechanism for SS and wood blends was explored at 

different reaction times, pressure and curing temperatures to aid in the reduction of thermal 

energy input in the production of composites and promote carbon sequestration. CO2 uptake 

increased with exposure time and pressure. Wood 200 mesh fiber-SS composites showed 

better mechanical and thermal stability properties in comparison to wood 40 mesh-SS 

composites. The use of three modifiers (eggshells, corn starch and sulfonated castor oil 

(SCO)) were also studied to improve the processability and properties of the composite’s 

blends. Fabricated composites all showed good shear thinning behavior which is an 

important factor in AM. Thermal stability analysis of composites which was determined 

using thermogravimetric analysis (TGA) was improved with the addition of wood fibers. 

Conclusively, Composites made with 50% wood fibers were successfully extruded with the 

PRF and SS resins but was not for the UF resin composites. 
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Chapter 1: Background and Research Objectives 

1.1 Background 

 Lumber processing over the years has generated large amount of wood residues of 

which part is used for particle board production and most, for energy [1]. The secondary 

processing of these 2-dimensional materials or particleboard for the fabrication of new 

products have also contributed to the accumulation of waste due to the complex machining, 

sheathing, milling etc. to transform them into final products [2]. These traditional methods of 

fabricating consume production time, with high energy consumption and low design 

flexibility. Additionally, industries and consumers have been looking for more sustainable 

ways to reduce waste whilst having resources that pose less risks to the environment, health, 

and safety [3]. Most of these wood residues generated from traditional manufacturing 

processes also end up in landfills with just a little amount recycled into useful products [4]. 

According to the United States Environmental Processing Agency (EPA), in 2018, landfills 

received 12.2 million tons of wood and only 17.1% was recycled [5]. A tactical solution and 

technology which has helped in this reduction and recycling of waste with a more sustainable 

production is additive manufacturing (AM) [6] [7]. Additive manufacturing (AM) involves 

the direct fabrication of complex structures using layer to layer distribution of the raw 

materials to attain the desired end products. This process was introduced in the 1980s, and 

has aided the reduction of waste, creating cost effective and reliable fabrication of materials 

[8], [9]. To attain this process, 3-dimensional (3D) printers with a computer aided design 

(CAD) are utilized which optimizes logistics, improves customization and design accuracy, 

promotes sustainability and generates high quality products [10].  

Different kinds of polymeric materials have been additively manufactured with most 

falling under the broad matrix categories of thermoplastics and thermosets. Although AM of 

thermoplastic polymers and composites have been focused on largely in the past years, 

thermosetting polymeric materials offer superior properties with low viscosities and low 

temperature handling suitable for AM [11]. Thermoplastics are materials that melt upon 

heating and solidify on cooling. They can also be reshaped due to the weak bonds and Van 

der Waal interactions they possess [12]. Thermoplastic polymers in AM undergo certain 

issues of temperature gradient between layers which results in warping, and weak interfaces. 



2 

 

Thermosets form crosslinks that are chemically joined and, in most cases, cannot be reversed 

[13]. Thermosetting polymers do not require thermal energy to fabricate which allows them 

to be processed at room temperature or slightly increased temperature to yield a crosslinked 

structure with superior properties. Some issues associated with thermoset polymer AM 

includes long time post curing, complex geometry handling, lower toughness amongst others 

[14] [15].  

Composites are a system comprising of two or more materials put together and are 

responsible for generating a new material with properties superior to the individual materials 

used for fabrication of the system. Two distinct phases of a matrix and the reinforcing phase 

make up a composite system [16]. The matrix phase is mostly a continuous phase and is 

responsible for keeping or gluing the composite in place whilst protecting the reinforcing 

phase from issues of chemical exposure, environmental conditions, degradation etc. [17]. 

Typical categories of these matrix phases are polymeric matrices of thermoplastics and 

thermosets. In most cases, the reinforced phase is immersed in the matrix. Examples of the 

reinforcing phases includes, particles and fibers [17]. These reinforcing phases provide 

additional strength to the matrix, improve stiffness, and impact resistance of the matrix. The 

final performance of a composite system mostly depends on the volume or mass percentages 

of the matrix to reinforcements, the types of individual materials used, and how the 

composite construction is done [18].  

Composites can either be fibrous, particulate, or nanoscale based depending on the 

size of the reinforcements. Fibrous composites could have fibers that vary in length or remain 

continuous in the system [19]. A random orientation can be used to distribute shorter fibers in 

a matrix while longer fibers can be oriented differently depending on the required post 

product application [20]. Lignocellulosic materials including wood can be used as 

reinforcement or as a filler which promotes the use of natural based materials and decreases 

the use of petroleum based polymers and materials [21]. This also promotes biodegradability, 

recyclability and improved properties of the end product [1]. Other common reinforcements 

used are glass fiber, carbon fiber, and organic fibers amongst others [22]. Important factors to 

consider in the fabrication of these filled composites are interfacial adhesion between the 

matrix and the filler, since this will be responsible for better properties. Composites are used 
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in different applications biomedically, underwater, sporting equipment, construction, 

transportation applications amongst others [20] [22].   

1.1.1 Thermoset resins  

Thermoset resins are a class of polymer matrix system that chemically form 

crosslinks between chains. The formation of these crosslinks is called curing where reactive 

monomers are converted to a stable three dimensional polymer matrix [23]. These crosslinks 

can be initiated either thermally, or with the addition of activators or catalysts. The reaction 

begins with two monomeric components having low molecular weights and covalently 

bonding to increase their molecular weight (Figure 1.1a). Reaction continues to form a linear 

growth and branching of prepolymers are formed (Figure 1.1b) and this continues to form a 

gelled network (Figure 1.1c). Upon complete crosslinking (also known as vitrification) 

(Figure 1.1d), the reactions and polymers mostly cannot be reformed, reused, or regenerated. 

They also become insoluble due to the strong covalent bonds present and well bonded three-

dimensional structure after complete curing. Due to their thermal resistance, they are well 

suitable for temperature resistant applications [24] [25]. 

 
Figure 1.1: Diagram showing the stages of thermoset curing (a) low molecular weight 

monomers, (b) formation of branching and linear growth, (c) gelation and increased network 

formation but incomplete crosslinking, (d) fully cured thermoset [26] 
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There are different classes of thermoset resins which fall broadly under the synthetic 

(formaldehyde based and epoxies), biobased, or geopolymer based thermosets. Historically, 

Bakelite, was the first synthetic thermosetting polymer, fabricated from phenol and 

formaldehyde in 1909 [27]. Alkyds, which are vegetable oil modified polyesters, and urea 

formaldehyde (UF) amino resins were developed and patented in 1929 and 1923, 

respectively [28]. Melamine formaldehyde thermosetting polymers were fabricated and 

patented in 1940 [29]. Dow Corning introduced Silicon based polymers and epoxy resins 

with its patent in 1942 [30]. The patent of epoxy was granted to Swiss chemists, Schlack and 

Castan and the American chemist Greenlee in the 1930s even though the polymer had been 

developed years before that [31].  

Most thermosets are synthetic based with common examples of epoxy and 

formaldehyde-based thermosets. Epoxies are low molecular weight prepolymers that have 

more than one epoxide group, and are usually synthesized by the reaction between diglyceryl 

ether of bisphenol A (DGEBA) and epichlorohydrin [32]. Epoxies are commonly used for 

high performance coatings, for bonding adhesives, laminations and in different fields where 

they act as fiber reinforcing materials. Epoxies are probably the most used thermosets in AM 

due to their excellent thermal, chemical resistance, and biocompatibility. A wide array of 

fillers in form of nano-clay [33], carbon fiber [34], ceramic powder [35] etc., have also been 

explored to hold its shape and improve mechanical, rheological and electrical properties.  

Formaldehyde based class of resins constitute about 50% of the adhesives used today 

due to their ease of manufacturing, understandable technology/chemistry and easy 

optimization of their formulations [36]. They are mainly liquids with either linear or 

branched oligomeric and polymeric molecules. Their curing reactions could either be acidic, 

or alkaline. A few examples of these thermosets are phenolic resins, urea and melamine-

based resins, amino plastic resins and resorcinol resins. Resorcinol in the presence of 

formaldehyde have been used since World War II and have shown to be durable with great 

structural and low temperature curing properties in the bonding of wood, wooden beams and 

arcs [37]. Resorcinol structurally has two hydroxyl groups on the benzene ring located at the 

1 and 3 positions (Figure 1.2). The reactive groups are located on the 2, 4 and 6 positions of 

the ring with 4 and 6 either at the ortho or para position to the hydroxyl groups, making the 

reactive positions doubly activated [38]. 
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Figure 1.2: Structure of resorcinol [37] 

To synthesize phenol resorcinol formaldehyde (PRF) resins, resorcinol is mixed with 

phenol formaldehyde (PF) resin to accelerate the curing of PF resin with several co-

condensation reaction pathways [39]. It is assumed that the resorcinol will react with the 

hydroxy methyl groups on the PF resin to form methylene linkages. PRF resins are 

commonly used in structural applications, glulam beams and boat constructions due to their 

water resistivity. In the presence of resorcinol in  PRF resins contribute to its rapid cure to 

harden in ambient and cold conditions [40].  

UF resins are synthesized from the reaction of urea and formaldehyde which react to 

form intermediates like methylol urea and dimethylol urea. The synthesis can vary with the 

addition of different chemical additives like melamine which can alter the properties of the 

UF resin and reduce the emissions of formaldehyde. Generally, the synthesis occurs in two 

stages with the first stage involving the hydroxymethylolation of urea by the addition of 

formaldehyde to form mono-, di-, and tri-methylol ureas under basic conditions. The second 

stage involves the condensation of the methylol ureas to low condensation polymers which is 

dependent on an acidic pH to yield methylene bridges and methylene ester linkages [41] [42]. 

UF resins are a major binder used for wood composites, particleboards, plywood etc. 

Although they have issues of low water resistance, and formaldehyde emissions, they are less 

expensive with a high curing rate and good adhesion [43]. The use of UF and PRF 

thermosets in AM is still a new area of research with few studies exploring their use. 

Extrusion based 3D printing of UF resin with up to 25 wt.% wood fibers was explored 

yielding composites with non-structural application properties [44]. AM of wood waste floor 

and glass fibers in the presence of UF was explored with tensile strength increasing by 73% 

for the additively manufactured composites [45].  
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Issues of formaldehyde emissions from formaldehyde-based thermosets have resulted 

in the generation of eco-friendly bio-based adhesives with reduced environmental hazards. 

Biobased thermosets are polymeric materials synthesized from renewable raw materials or, 

resources that promote sustainability and have the potential for reducing its CO2 footprint 

[46]. These renewable sources are mostly from plant sources in form of vegetable oils [47]. 

The functional groups in the oils are easily utilized with the carbon-carbon bonds 

polymerized either by free radical or cationic polymerization reactions to produce thermosets 

by triglycerides crosslinking [48] [49]. Epoxidized soybean oil is a commercially available 

plant oil synthesized resin used as a lubricant, plasticizer, lubricant, pigment dispersing agent 

amongst other uses. Other examples of natural based oil used for thermosets are cardanol for 

DGEBA/anhydride systems, rosin for rosin based epoxies, lignin for epoxy resins amongst 

others [50]. These thermosets, due to their raw material and low cost, are a good substitute 

for synthetic based thermosets to reduce the ecological effect of hazardous emissions from 

the latter thermosets [51].  

Geopolymers are amorphous inorganic macromolecules formed by condensation 

reactions of aluminosilicates materials [52] [53]. They are fabricated by combining an 

aluminosilicate source material with an alkaline activator, such as sodium silicate (SS), to 

form a geopolymer gel. This gel hardens to form glass like material with properties similar to 

concrete [54]. A few examples of geo-polymeric materials are rice husk ash, metakaolin, 

blast furnace slag amongst others. Geopolymer materials are used in different applications 

for building materials, 3D printing, as catalysts, coatings, decorating materials amongst 

others [55] [56] [57] [58]. The use of geopolymers of the poly sialate-disiloxo type, which 

hardens like thermosetting resins for adhesives have been studied and considered in the past 

years. Their high flame retardant properties and mechanical strength makes them useful for 

sustainable and structural applications [59] [52]. They are more eco-friendly in comparison 

to formaldehyde-based thermosets. They have the potential of promoting CO2 capture while 

reducing greenhouse gas emissions.  

SS or water glass, a geo-based polymer, is a widely used raw material industrially 

which is mostly produced from the fusion of sodium carbonate and high quality quartz sand 

at high temperatures between 1300 °C and 1600 °C [60]. Several studies have implemented 

the use of SS in AM with 3D printed objects having improved strength and exhibiting 
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properties similar to ceramics [61]. Henke and Treml (2012), explored the use of sodium 

silicate as binder for wood chips in 3D printing of large scale solids [62]. SS has also been 

explored as a binding agent for the 3D printing of diamond powders [63]. The use of SS in 

the 3D bioprinting of scaffold to eliminate biological bone tissue defects has also been 

investigated [64].  

Although there are different types of hybrid thermosets available in the current 

market which are not discussed here, this dissertation will focus on PRF, UF, a geo-based 

resin (SS) and their use in natural fiber composites and AM.  

1.1.2 Thermoset Resin Curing Methods and Mechanisms 

The outstanding mechanical properties of thermosets which make them reliable in 

different applications can be attributed to the proper curing and crosslinking reactions that 

occur within the matrix. A few types of curing methods are discussed and summarized 

below. 

1.1.2.1 Thermal Curing 

 Thermal curing is the most implemented curing method which uses external heat 

from ovens but, this is time dependent and mostly results in an overuse of energy [65]. This 

reaction involves the exposure of the thermoset sample to high temperatures to facilitate the 

crosslinking reaction in the matrix. The temperature and time of crosslinking is dependent on 

the type of polymer and expected properties of the final material. Cooling of the cured 

polymer is essential to ensure the stability of the crosslinked networks. Thermal curing can 

be classified either under convection, conduction, inductive heating, ultrasonic heating 

amongst others with each having their pros and cons [66]. Disadvantages of thermal curing 

includes high energy usage, thermal expansion coefficient issues with different metals used, 

temperature differences arising from heat transfer and resins shrinkage during cure [67]. A 

few resin systems that are commonly thermally cured are phenol, melamine, and urea 

formaldehyde-based thermosets. These resin systems typically undergo different 

condensation reactions to achieve the required high molecular weight crosslinked structure 

[68] [69]. 
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1.1.2.2 Photocuring 

This curing process requires the use of a photo initiator to initiate photo 

polymerization or photocuring. Resins or thermosets that are cured using this could either be 

classified under free radical or ionic depending on the reaction scheme [70]. Typically, a 

photosensitive material or monomer is exposed to ultraviolet (UV) light to start 

polymerization or crosslinking. An optical absorber is used to monitor the penetration depth 

of the light and the polymerization process [70]. Photocurable resins are used for a wide 

range of applications from dental, automotive, to thin films applications in different 

industries. Epoxies, acrylates and vinyl esters are examples of photocurable polymeric resins 

commonly used [71]. High crosslinking and photopolymerization yield increased stiffness 

and improved mechanical properties. The process of photocuring also offers faster curing 

times, low energy requirements and unique material properties [15].   

1.1.2.3 Radiation Curing 

  This involves the use of X-rays, ultra-violet (UV) light, and electron beams for the 

curing of thermosets. The crosslinking of the thermoset polymers is associated with their 

exposure to these rays. The penetration depth of the individual rays varies with X-rays 

having more penetration than UV light and electron beams (EB) even though curing time 

with X-rays is longer. It has been suggested that X-rays work better with thick samples and 

electron beams for thinner samples [72]. UV and EB curable resin types include polyesters, 

acrylics, urethane bismaleimides, urethane acrylates, epoxies amongst others [65] [73]. 

Serious radiation hazards are also connected to the utilization of these curing methods. 

Epoxies are an example of thermosets that can be cured using this method. Radiation curing 

of thermosets offers advantages of high modulus, good adhesion to surfaces and low 

viscosity but with brittleness and penetration issues into thick layers [74].  

1.1.2.4 Microwave Curing  

 The use of microwaves serves as an alternative to thermal curing of thermoset 

composites but is not popularly considered due to less availability of appropriate equipment 

[75]. The dielectric properties of the resin to be cured is essential to allow the selective 

heating of the adhesive. Its advantages over thermal curing include the easy turn on and off 
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reactions, uniform cure and easier penetration into thicker polymers with increased rate of 

reactions [76]. Microwave curing uses a wave range of 1 to 90 GHz and thermal conductivity 

properties of the material should be understood to enable he proper adjustments as dielectric 

properties change with temperature [77]. Several studies have employed the use of 

microwave curing on epoxies, tung oil based thermosets, and polydimethylsiloxane 

elastomers with reported improved properties in comparison to other curing methods [78], 

[79] [80]. 

1.1.2.5 Chemical Curing 

Chemical curing involves the addition of a chemical catalyst to the thermoset which 

triggers the crosslinking reaction. Reactions can occur at room temperature or slightly 

elevated temperatures with the addition of initiators or catalysts to the matrix [81]. Phenolic 

resins, epoxies, can be easily catalyzed through this process. Resorcinol resins will be 

catalyzed with the addition of formaldehyde to initiate crosslinking [82] [83]. Epoxy resins 

require an amino based hardener or can be catalyzed by thiol or alcoholic compounds [84]. 

Aromatic polyester-based resins are catalyzed with the addition of a free radical initiator such 

as organic peroxides or aliphatic ketones which initiate fast polymerization . The presence of  

accelerators further shortens the gelation time of the polyester resins and quickens the 

polymerization process.[85], [86]. 

1.1.2.6 Carbonation Curing 

Carbonation curing is the exposure of reactive components to a CO2 rich environment 

with less energy consumption over a period of time [87]. This process in previous years have 

been popularly used in foundry cast molds for increased strength [88] [89]. Carbonation 

curing can also be used with other curing methods like heat (thermal) or water curing (for 

cement composites) to achieve the required crosslinking and properties of the composite 

[90]. These other curing methods are called post curing conditioning methods to allow for the 

proper reaction of reactants that did not fully react with the CO2 gas. The CO2 acts as a 

reactant when absorbed in the medium which causes the binding of the networks in the 

matrix with improved properties depending on the duration of sample exposure to CO2. [91]. 

This process of curing is mostly used for cementitious, geopolymer materials and binders. 

The fixation of CO2 into the calcium and magnesium carbonate composition of fresh 
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concrete creates stable minerals thermodynamically which improves the properties of the 

system [92]. Alkali activated materials (AAM) like fly ash, blast furnace slag which show 

similar properties to cement in the presence of alkali materials like sodium hydroxide 

(NaOH) or SS, can be CO2 cured and have been investigated to have better mechanical 

strength in the presence of the gas [93] [94]. This is an efficient curing process that can help 

mitigate the greenhouse gas emissions that are causing environmental and health hazards. 

Typically, the process of carbonation on laboratory scale involves a three-phase processing 

approach (Figure 1.3) which can vary depending on the mixtures used. Most of these lab-

scale studies are carried out in closed chambers or reactors to promote the proper diffusion of 

the gas and obtain a higher carbonation rate [95].  

 

Figure 1.3: Carbonation curing procedure on a laboratory scale [91]. 

Improved mechanical, flame retardant and thermal degradation properties have also 

been recorded in studies that incorporated carbonation, validating the use of the process and 

creating more research focus on its use [96] [97] [98].  

1.1.2.7 Factors affecting Carbonation Curing 

A few major factors that affect the carbonation curing of materials range from time of 

carbonation, moisture, relative humidity, temperature pressure to concentration of CO2.  

 Moisture plays an important role in carbonation curing of fresh concrete and AAM, 

but its quantity will have to be monitored to give room for the proper absorption of the CO2 

gas. An excess of moisture or water in the pores will block the diffusion of CO2 limiting the 
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degree of carbonation in the matrix [99] [100]. The diffusion of CO2 through the pores of the 

system or cement or AAM composites and carbonation degree is influenced by high pressure 

and concentration. Zhan et al (2016) observed that with the increase of CO2 pressure from 

0.01 MPa to 0.05 MPa, carbonation degree increased by 4.4% [101]. Increased compressive 

strength was also observed in a study of CO2 cured dry cement pressed pastes from 1 to 20% 

[102]. At low CO2 concentrations, a longer sample exposure time will be required to attain a 

higher degree of carbonation [103].  

 Temperature with carbonation reactions is very important since at high temperatures, 

CO2 solubility in water decreases, but reaction kinetics increases [104]. A study on the effect 

of temperature on CO2 curing of carbonated cement pastes showed the increase in 

carbonation depth and strength with an increase in temperature from 5 to 20°C [105]. Curing 

time with respect to concentration and pressure influences the strength of cured samples. Yan 

and Wang (2021) obtained an increased carbonation curing and compressive strength with 

longer CO2 exposure time in their study of biochar-blended mortar using accelerated 

carbonation [106]. Some studies have also stipulated that an extended period of carbonation 

curing can cause a reduction in the properties of the cured samples due to the expansion of 

the composites that can lead to voids and cracks [107] [108]. Other factors that can directly 

or indirectly affect carbonation curing include the composites pH, the kind of additives and 

reactants used, and the porosity of the composite [109].  

1.1.3 Thermoset modifiers 

The major issues accompanied with thermoset polymers during AM are the extended 

time required for curing at high temperatures and flowability of the resin matrix. Since most 

materials are required to hold their shape during AM for successive layer stacking this can 

cause curing issue during the AM process. Issues of resin cost, hazardous emissions, 

composite production cost, influence the total fabrication of end products, hence the need for 

solutions. To aid the resolving of these issues, the use of additives or modifiers and 

reinforcements have been studied to give the required rheological behavior, reduce emissions 

during high temperature curing, and optimize production cost by reducing resin requirement 

for the AM process [110] [111]. Polymer additives or modifiers are broadly categorized 

under stabilizing and functional modifiers. Stabilizing modifiers aids in reducing the 
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degradation of polymers at high temperatures giving them an improved thermal stability. 

Functional modifiers are responsible for improving the mechanical, flame retardant, flow 

properties etc. of the polymer. These modifiers could either be in liquid, or solid state 

depending on the application [112]. Plasticizers, which are a type of functional modifier, 

improves the processability of the material and reduces the brittleness of polymers and 

improve flexibility. Examples of plasticizers include phthalates, adipates, benzoates, and 

citric esters. Lubricants, another form of functional modifier, helps to improve the flow 

properties of polymers. Examples are fatty acid salts, esters and waxes [113]. The use of 

fillers as modifiers also helps to increase the polymer bulk and improve properties [114]. 

There are so many examples of modifiers used in previous studies but for this dissertation, 

the use of eggshells (ES), sulfonated castor oil (SCO) and corn starch will be evaluated and 

discussed. 

1.1.3.1 Egg shells (ES) 

Chicken ES is a popular domestic and industrial biowaste material generated in 

significant quantity that is mostly discarded or used as fertilizer, for absorbing of heavy 

metals amongst other applications [115]. The unused proportions of this biowaste end up 

disposed in landfills and can pose environmental hazards and soil pollution if not properly 

handled [116]. It is an organic material with about 94 to 96% calcium carbonate (CaCO3). 

Due to its nano porous structure and good mechanical properties, it has been considered as a 

modifier for most epoxies and polymeric materials [117] [118]. Carbonized and 

uncarbonized forms of ES have been used in the fabrication of glass fiber filled thermoset 

composites with improved mechanical properties [119]. A calcinated form of poultry ES 

powder has also been combined as a filler with pineapple fiber and epoxy which improved 

thermal, mechanical properties, hydrophobicity and wear properties of composites [120]. For 

AM, different compositions of ES powder has been studied and used to enhance the thermal 

stability, flow, thermal, decomposition, tensile strength of polylactic acid (PLA), epoxy, 

poly(ɛ-caprolactone), and polyester matrices [121] [122] [123] [124]. These studies confirm 

the importance of ES in AM and composites.  
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1.1.3.2 Sulfonated Castor oil  

Castor oil, which is an organic oil extracted from a large shrub which notably grows 

in the wild, is a triacylglycerol that contains different fatty acids and glycerol. The fatty acids 

comprises of up to 90% ricinoleic acid which makes it very useful for different applications 

in the chemical industry [125]. It possesses different chemical and physical properties, and it 

has been ascertained that heating it up to higher temperatures expands the possibilities of its 

application. Due to it not been an edible oil, it is not in the competitive market with edible 

oils which makes it suitable for industrial based purposes. It is also used as a lubricant for 

equipment in extreme conditions due to its high viscosity even at high temperatures. In recent 

years, it is been used as a functional fluid, for paints, polymers, foams etc. [126]. Castor oil 

can be chemically modified into other polymers via different reactions as seen in Figure 1.4 

depending on the functional group [127]. 

 

Figure 1.4: Chemical modification reactions for castor oil [125] 

One of these chemical modification reactions is its sulfonation where sulfuric acid is 

directly added to produce sulfonated castor oil (SCO) (Figure 1.5). It is a fast and direct 

reaction that yields an oil that is soluble in water and can be used for its emulsification and 

dispersant properties [128]. A major reaction in the sulfonation results in the esterification of 

the hydroxyl groups of the ricinoleic acid making it have better hydrolytic stability [129]. 

SCO has also been used to improve the lubricity of downhole fluids in drilling [130]. SCO 
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has played an important role in a traditional leather fat liquoring agent [131]. Modified castor 

oil was used in a study to improve the melt processing, mechanical, thermal and rheological 

properties of PLA [132].  

 

Figure 1.5: Structure of SCO [133] 

Domínguez-Robles et al (2019) used castor oil for the proper dispersion and coating 

of PLA and tetracycline pellets in the bio-3D printing of lignin-based antioxidant PLA 

composites [134]. Since SCO is an emulsifier, and helps with dispersion, this study aims to 

use SCO for proper dispersion of PRF on natural fibers while promoting dispersibility and 

rheological properties of the blended mixture.  

1.1.3.3 Corn Starch 

 Starch contains two major polymers of amylose which is linear and amylopectin 

which is a highly branched polymer. They both have the same repeating unit of D-glucose, 

but the connecting linkages are different.  Starch is a major abundant polysaccharide in plants 

with the amylose structure connected by the α(1,4) bond and amylopectin by the α(1,4) bond 

with 5 to 6% of α(1,6) at the branched points. Its glycosidic and hydroxyl groups are 

responsible for its reactivity [135]. In natural starch, polysaccharide chains are packed in 

granules with sizes from 1 to 100 µm. It is a polymer used in several industries for the 

fabrication of food, chemicals, textiles amongst other complex polymers which makes it a 

challenge due to its competitive market demand [136]..The different properties of starch such 

as size, amylose to amylopectin ratio, obtained from varying sources are affected by 

environmental conditions, agricultural practices, amongst other factors. These different 

properties will affect its interaction with other polymers [137] [138]. The hydrophilicity of 

starch also makes its useful in commercial applications [139]. The solubility and reactivity of 
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corn starch in cold environments is low and calls for necessary modifications like 

gelatinization which activates the hydroxyl groups, pore size increase and interfacial 

adhesion with different matrices [140]. Gelatinization also disrupts the crystalline structure 

when heat and water are applied, which makes the granules swell. Gelatinization enables the 

granular opening and increase in surface area of the starch molecules for better reactivity in a 

mix [141]. The structural changes that occur during gelatinization of starch significantly 

affects the rheological properties [142]. 

Corn starch has been used in low amounts to toughen thermosets and improve their 

mechanical properties [143]. The shear thinning and thixotropic properties of corn starch also 

makes it a good rheological enhancer and good material as an additive for 3D printing [144]. 

1.1.4 Natural Fibers as Reinforcement in Thermosets 

The use of fibers as reinforcement for thermoset composites have been widely 

explored due to their availability, recyclability, biodegradability, and low cost [145]. Natural 

fiber materials can be used as fillers to improve processing, reduce the brittle nature of 

thermosets, optimize density, enhance thermal, flame retardancy, mechanical and electrical 

characteristics of the thermoset composites [119]. Utilization of fiber reinforced thermoset 

composites can be seen in especially structural, automotive, aerospace applications as a result 

of their outstanding thermal stability, mechanical properties and chemical resistance over 

time [146]. Natural fibers of kenaf, jute, carbon, cotton, and wood have been used to  

reinforce thermosetting polymers of epoxy, urethane, phenolic, polyester amongst others 

with reported improved mechanical strength [145], [147], [148], [149].  

 In AM of thermosets, reinforcements aid in the proper stacking of layers and 

improved structural strength. He et al. (2021) developed a printing method using a polyamine 

thermoset and nano clay at volume of up to 36% to enhance the shear thinning effect and ink 

shear rate for 3D printing [150]. They obtained a successful process that enabled the 

freestanding 3D printing for efficient deposition of reinforcement fibers in 3D space. Zhong 

et al. (2001), used chopped glass fibers in the fused deposition modelling printing process 

with acrylonitrile butadiene styrene (ABS). Increase in interlayer bond strength with 

increased fiber content was observed [151], however most studies have had challenges in 



16 

 

incorporating high amount of fibers reinforcements in AM due to issues of high motor power 

and pressure needed to print the material [11].  

1.1.5 Effect of Fiber Loading and Particle Size in AM of Thermoset Composites 

Reinforcements used in AM of thermoset composites which are broadly categorized 

under continuous (long), particulate (powder, nano etc.) or short (Figure 1.6), allows for 

different load variations to be used in the matrix to attain the desired properties [152] [153]. 

Aspect ratio, which is the length to width ratio of fibers plays an important role in improving 

the properties of composite materials. Studies have shown that with increasing aspect ratio, 

composite strength increases until it reaches a maximum level [154]. Natural fibers (Table 

1.1) have shown to have better aspect ratios in comparison to synthetic fibers. These natural 

fiber aspect ratios with the cellulosic content of the fibers play a major role in influencing 

composite properties. A high aspect ratio which is above its critical value will allow a 

maximum stress transfer in the composite before failure occurs [155]. 

Table 1.1: Length and width of some natural fibers [154] 

 

Nawafleh and Celik (2020) used milled short fiber carbon fiber loading volume of up 

to 46% to fabricate 3D printed epoxy composites with improved mechanical properties [11]. 

Continuous fibers have been studied to have greater loading capacity but milled fibers allow 

for higher reinforcement fractions [156]. Li et al. (2019) had glass fiber powders of up to 

80% for phenol formaldehyde and epoxy AM using a selective laser sintering AM method 

[157]. They reported that with an increase in glass fibers, mechanical properties increased.  
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Figure 1.6: Different kinds of reinforcement types: a) continuous long fibers, b) short fibers 

and c) particles in a matrix [158]. 

Particle-matrix interface adhesion and particle size play major roles in affecting 

mechanical properties of a composite. Particle size of reinforced fibers which could be 

macro, micro, or nano based influence the dispersion and overall properties of thermoset 

composites [159]. Strength depends on the stress transfer between reinforcements/fillers and 

the matrix. For larger reinforcement particles or fibers, strength can be passed on to the 

particles but with poorly crosslinked particles, reduction in strength occurs [160]. A few 

studies have reported that nanoparticles give high rigidity and yield strength while small 

particle sizes gives higher fracture toughness [161] [162] [163]. Particle size is also 

dependent on fiber loading to attain the required strength. But in AM, challenges associated 

with these still make the use of high fiber loading challenging. This dissertation covers the 

modification of a PRF thermoset with high fiber loadings for use in AM via material-based 

extrusion.  

1.2 Additive Manufacturing Processes for Thermoset Composites 

Recent studies using different AM fabrication methods for thermoset composites will 

be explored in this section. AM fabrication methods are broadly divided into jetting, binder 

jetting, vat photopolymerization, powder bed fusion, material extrusion, energy deposition 

and sheet lamination processes [164] [165]. These different methods can be used depending 

on the different types of base material (solid, liquid, powder based) used for the production 

process [166].  

Material jetting, which is like a two-dimensional inkjet printer, involves the jetting of 

the liquid material in droplets with the support materials or reinforcements onto the platform. 
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The deposited droplets partially soften the initially dropped layer and the final single piece is 

cured using ultraviolet light before removal from the platform [167]. Limitations of 

decreased mechanical properties of its products over time, and high material cost makes it 

not a viable option for most applications. Binder jetting is like the jetting process but requires 

the deposition of a liquid bonding agent between each layer to form the whole part. It has 

advantages of high printing speeds whilst making room for complex designs [168]. Vat 

polymerization involves the fabrication of solid products out of a vat of liquid photocurable 

resins whilst using a laser to cure the photosensitive liquid [15]. Powder bed fusion uses laser 

to fuse together powder particles to 3D printed objects. The process helps to reduce waste, 

enable customizable parts, and enables multilateral designs. A few disadvantages include 

slow print time, weak structural properties, and possible thermal distortion [169]. Energy 

deposition is more of a complex process that uses an electron beam to melt the material 

before depositing it layer by layer. Sheet lamination involves the stacking and layering of 

thin sheets of material through bonding ultrasonic welding or brazing to get a product which 

is finished off by laser cutting or computer numerical control (CNC) machining. Material 

based extrusion which is the process of focus in this study will be discussed below in detail 

[15].  

1.2.1 Material Based Extrusion 

The basic principle of this process requires the ejection of the loaded material through 

a die at constant pressure in a continuous flow to form layer on layers until the final 

geometry or product is formed. It is also the most used form of AM and can be called fused 

filament fabrication (FFF) or fused deposition modelling (FDM). Different types of extruders 

(Figure 1.7) which could be plunger-based, screw based, or filament based, can be used for 

this process. The process is simple, affordable and popularly used by industries, consumers 

and researchers for the fabrication of products [170] [9].  
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Figure 1.7: Different types of material extrusion extruders [171] 

For a viscous thermoset liquid, the process of Liquid deposition modelling (LDM) is 

mostly used to eject the liquid resin through a printer head moving in the x-y direction. 

Rosenthal et al (2017), used this technique to print a wood methylcellulose mixture with 

suggestions of better printer modifications [172]. 3D structures from glass and carbon fiber 

reinforced polymer composites have been fabricated with good thermal, rheological and 

mechanical properties [173]. LDM can also be used for continuous fiber composites, but it 

requires nozzle impregnation of the thermoset. The continuous fibers are pulled through a 

thermoset bath and later fed into the printing head [15].  

1.2.1 Thermoset Composite Performance Characterization Techniques  

To ensure that the properties of thermoset composites are standardized and within the 

required limits for its specific application, characterization of the matrix, reinforcement, and 

fabricated composites must be performed. These characterization methods could either be 

mechanical, rheological, physical, chemical, or thermal related. A few essential 

characterization methods for thermoset composites in AM are summarized below. 

1.2.1.1 Mechanical Properties 

Applications of AM thermoset composites require that mechanical properties be good 

enough and tough to withstand impact resistance, with little to no failures over a long time. 
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An increase in tensile properties ensures the increased stiffness of the composite which 

increases the modulus. Flexural properties measure the maximum bending strength that 

composites can have when subjected to load conditions. This helps in understanding the 

bending performance for structural applications [174]. Impact resistance measures resistance 

against load without failure. Generally, mechanical properties are dependent on fiber/matrix 

bonding, particle size, and loading of the filler [175]. 

1.2.1.2 Thermal Properties 

Thermal properties include curing temperatures, thermal degradation, curing kinetics, 

thermal stability, and decomposition of the polymers under different thermal conditions. 

Different factors that can affect the thermal properties of thermoset composite materials 

include type of fiber/filler, modifiers, fiber treatments, orientation, loading, and 

manufacturing process [176]. Thermal stability and characteristics are also essential to 

optimize processing conditions for a polymer. A few important thermal characterization 

methods are summarized.  

1.2.1.3 Dynamic Scanning Calorimetry (DSC) 

DSC measures the thermal events that occur in a polymer as a function of temperature 

and time from curing to melting (Tm), degree of cure, decomposition, glass transition (Tg), to 

kinetic parameters [177] . The relative degree of cure is defined as the total amount of 

generated heat from start of experiment to a particular time. The Tg is the thermal property 

when an amorphous polymer, such as a cured thermoset resin, transitions from a stiff to 

flexible/rubbery state by the movement of the molecules in the polymer. The superior 

thermal properties of thermosetting polymers make them desirable, and with the addition of 

fillers, reinforcements, and additives, curing kinetic reactions become complex and require 

adequate understanding [178].  

Two major modes used to understand materials under DSC are isothermal and non-

isothermal modes. These two modes can be performed at different heating rates which can 

aid in understanding the curing kinetics of a system. A wide range of kinetic models have 

been considered in the curing kinetics study of thermoset composites to create a relationship 

between temperature, time, extent of cure to the chemical reactions that go on in the system. 

Generally, two main kinetic model categories are explored, the phenomenological (model-
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free or iso-conversional) and mechanistic models (model fitting). An nth order rate equation 

is used to express the phenomenological model with less kinetic parameters required while 

the mechanistic which is more complex requires more parameters for better analysis [179]. 

Iso-conversional methods fall under two major categories of the differential (Friedman (FR) 

method) and integral methods (Flynn–Wall–Ozawa (FWO) or Kissinger–Akahira–Sunose 

(KAS)) [180]. Each of these methods have their limitations, but proper understanding of the 

complexity of the system to be analyzed is essential to select the appropriate method. 

1.2.1.4 Thermogravimetric Analysis (TGA) 

 TGA ascertains the weight loss or thermal degradation (pyrolysis) of a sample with 

respect to time and temperature. It is a quantitative analytical technique that is also used to 

measure kinetic events in a thermoset material. Sample placed on a precision balance in a 

furnace and analyzer, is heated or cooled either under isothermal or non-isothermal 

conditions and sample mass changes with respect to temperature used [181]. This experiment 

is mostly done in a controlled atmosphere of gases (nitrogen, air, CO2, helium, etc.). Results 

are dependent on the type of sample, heating rate and flow rate of the gases. Differentiating 

the TGA curves gives the differential thermogravimetric (DTG) curves which gives 

quantitative and qualitative information about the sample [182]. Qualitative analysis allows 

for the identification of different materials and differentiating chemical curing reactions 

while quantitative analysis shows peak height and maximum weight loss at corresponding 

temperatures [180].  

1.2.1.5 Rheology 

With thermosets, curing involves complex chemical reactions with gelation and 

vitrification been the most important phenomena in the process. In order to understand the 

flow behaviors, and deformation changes, rheology is an important process used. As curing 

begins, formed linear chains expand and branch with the increase in molecular weight and 

further crosslinking [183]. Gelation, which is the transformation of a viscous liquid to an 

elastic gel depends on the reactants present and the set parameters of temperature, frequency, 

time, strain, stress etc. A major important property required for AM of thermosets is a good 

shear thinning behavior. This is a process that occurs for non-Newtonian fluids which allows 

the reduction in viscosity under shear stain and increased frequency [184]. This phenomenon 
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will allow for proper dispensing of the material during AM. Dynamic rheological properties 

of complex viscosity (η*), storage modulus (G′), loss modulus (G″), and tan delta (G″/G′) 

need to be measured to ensure that polymers and composites are suitable enough for material 

extrusion AM. There are two major types of rheological experiments widely used: capillary 

and dynamic rheology. These are summarized below.  

1.2.1.5.1 Capillary Rheology 

Capillary rheology is an important type of rheological experiment for understanding 

material-based AM. The process is used to obtain shear viscosity data at high shear rates (γ). 

It mimics the material extrusion process where material filled in a barrel is extruded using a 

plunger (Figure 1.8) through different sets of dies at different high γ [185]. Corrections for 

pressure drop, shear rates, wall slip, are applied to the data using the Bagley, Weissenberg-

Rabinowitsch and Mooney analysis corrections, respectively [186].  

 

Figure 1.8: Capillary rheology setup [187] 

1.2.1.5.2 Dynamic Rheology 

Dynamic rheology focuses on obtaining shear viscosity, G’, G’ and tan δ at lower γ. 

Curing curves for thermosets with respect to time, temperature and frequency can also be 

evaluated using this method. Different geometries ranging from cone plates, parallel plates, 

to concentric cylinders (Figure 1.9), are available for this process [188]. 
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Figure 1.9: Different dynamic rheology geometries [188] 

For highly filled polymers like in this study, parallel plates are used. With parallel plates, an 

oscillatory motion is applied to the sample between the plates under applied shear [189].      

1.3 Research Objectives 

From the reviewed literature above, there are not a lot of studies that have focused on 

the AM of thermosets with high natural fiber volume. Studies that have considered the use of 

geo-based polymers like SS have also not centered on understanding the curing reactions and 

kinetics involved with SS and its composites. The alternative use of CO2 for the curing of SS 

is scarcely seen in the literature and these are the critical gaps that are covered in this 

dissertation. The aim of this dissertation is to develop and optimize thermoset composite 

systems with natural fibers in high loadings, that can be used for AM and possess good 

rheological, cure behavior, post thermal and mechanical properties. The major objectives of 

this study involved the optimization of fiber reinforced thermoset composites using 

wood/denim fillers, a geo-based sodium silicate (SS) resin and synthetic PRF and UF binders 

in composite fabrication as potentials for AM. The specific objectives that would be used to 

achieve the stated aim include, the evaluation of the thermal curing characteristics, 

rheological behavior of the thermosets in the presence of different modifiers or additives and 

investigating the influence of carbonation curing pressure and temperature on the post 

properties of cured composites. The extrudability of the fabricated composites via material-

based extrusion (ME) would also be examined to completely validate the studies. ME of fiber 
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reinforced composites with high fiber volume (~40% wt.) which has been a challenge was 

investigated in this dissertation and the comprehensive summary of the research objectives is 

stated below. 

For a more detailed summary of the studies in this dissertation, Chapter 1 gives a 

general summary and literature review on the use of thermosets composites in AM, 

characterization methods and types of natural fibers that have been studied over the years.  

Chapter 2 explored the use of SS with 50 to 60 wt.% of 40 mesh wood fibers to 

fabricate a composite. DSC analysis was used to understand the curing behavior of SS and 

the uncured composites. Dynamic and capillary rheology were used to observe shear thinning 

and viscosity changes of the wet blends. The composites were pressed and extruded, cured at 

different temperatures to understand the effect of curing temperatures on the mechanical 

properties. To determine the effect of the curing temperature on the cured blends, TGA was 

used. Flammability properties were obtained from a simple Bunsen burner fire test and water 

absorption properties of the cured blends were ascertained.  

Chapter 3 investigated the study of two commercially available thermosets PRF and 

UF in the presence of 50 to 90 wt.% of wood fibers. This study was performed to observe the 

curing kinetics and extrudability of the blends for AM. DSC was used for the curing kinetic 

analysis of the individual freeze-dried blends to determine activation energy and conversion. 

Dynamic rheology curves of the resins and wet wood composites were used to understand the 

curing behavior of the resin in the presence of wood. Bending properties, TGA analysis on 

pressed, cured samples were conducted. Dynamic mechanical analysis (DMA) and 

thermomechanical analysis (TMA) were used for post-cured mechanical viscoelastic 

properties and softening temperatures respectively of the cured composites. The extrudability 

of the wet composite mix with 50 wt.% wood fibers for both resins were explored for use in 

AM manufacturing.  

Chapter 4 which is a proof of concept, explored an alternative curing method for SS 

and composites using carbon dioxide (CO2) with the aim of reducing the amount of energy 

put into curing and sequestering carbon. Two wood particle sizes of 40 and 200 mesh were 

studied in the presence of CO2 with wood. Fleshly blended fiber and SS resin (50/50) 

samples were exposed to CO2 at two different pressures, post cured at two different 

temperatures and analyzed for mechanical and thermal degradation properties. Dynamic 
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rheology curing at room temperature of the fleshly blended wood-SS (50/50) mixture in the 

presence of CO2 was analyzed.  

Chapter 5 investigated the use of ball-milled eggshells (BMES), sulfonated castor oil 

(SCO), gelatinized corn starch (GCS) and waste cotton denim as modifiers and fillers for 

PRF - wood (50/50) composites. Blended mixtures of varying compositions of wood, resin, 

and additives were pressed, cured, and characterized. Mechanical properties were determined 

using the three-point bending method, TGA was used for thermal degradation analysis. The 

goal was to minimize the quantity of PRF in composite fabrication, reduce formaldehyde 

emissions, which in the end will optimize production cost whilst making them suitable for 

the environment and extrudable in AM.  

Statistical analysis on analyzed results was used for most of the studies to determine 

the effect of wood composition on the mechanical properties of the cured composites. 

ANOVA tests were used to determine the significant effect of the fillers in the composite 

mechanical properties. Response surface methodology (RSM) was used to determine the 

effect of factors at different CO2 pressures and curing temperatures on the response values of 

post cured mechanical properties of the composites.  
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Chapter 2: Wood fiber - sodium silicate mixtures for additive 

manufacturing of composite materials, Orji, B. O., Thie, C., Baker, K., 

Maughan, M. R., & McDonald, A. G. (2022) 

 “Wood fiber-sodium silicate mixtures for additive manufacturing of composite 

materials”, Orji, B. O., Thie, C., Baker, K., Maughan, M. R., & McDonald, A. G. 

European Journal of Wood and Wood Products, vol 81, no 1, 2022, p. 45-58, 

https://doi.org/10.1007/s00107-022-01861-z. 

2.1 Abstract 

A composite mixture of wood fiber and sodium silicate (SS) binder has been explored 

as a viable material for use in additive manufacture of wood based composite materials. 

Mixtures of 50-60% wood fiber and 50-40% sodium silicate were explored. The curing 

behavior of these formulations were examined by differential scanning calorimetry (DSC) 

and dynamic rheometry. An exothermic curing peak of 83 °C was observed for SS and 

increased to 153 °C and 163 °C with the addition of wood fiber. Rheology viscosity curves 

showed higher viscosity values for 50/50 blends and lower values for SS. A custom extrusion 

system was fabricated and 50/50 wet blends were extruded, cured at different temperatures, 

and characterized for flame retardancy, mechanical, thermal, and water absorption properties. 

Surface chemistry changes before and after curing were determined by Fourier transform 

infrared (FTIR) spectroscopy. Mechanical properties, determined by three-point bend testing, 

improved with the addition of the wood fiber but varied with different curing temperatures 

and thermal stability of the composites increased with curing temperature. This extruded 

wood-SS composite shows promise for use in additive manufacturing.  

2.2. Introduction 

Sawmill residues (sawdust and planar shavings) is a useful resource that can be 

utilized as a sustainable feedstock and in the U.S.A, 83.4 million tons of primary timber 

wood residues were generated in 2010 and 85% was used in wood composites [190]. Waste 

wood is also commonly used in composite wood panels (particleboard) and composite 

decking (wood plastic composites) [191]. The production of composite panels requires 
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binders which are mostly synthetic resins (urea-formaldehyde and phenol-formaldehyde) that 

require curing in a heated press and can release formaldehyde emissions which pose 

environmental and health risks [192] [193]. However, the use of wood residues has not been 

explored in additive manufacturing applications.  

The global additive manufacturing and materials market was $12.8 billion in 2018 

and is expected to grow annually by 25% by 2023 [194]. This expansion has been driven by 

rapid advancements in materials used, new additive manufacturing technologies, and shifting 

from prototyping to parts fabrication. This process typically involves a layer-by-layer 

deposition process which is repeated until the part is created. The most common and known 

form of additive manufacturing is fused filament fabrication (FFF) or fused deposition 

modeling (FDM) [21]. A new method of 3-D printing called fused particle fabrication (FPF) 

or fused granular fabrication (FGF) uses thermoplastic powders/pellets that feed into an 

extruder that produces a filament in-situ for printing [195]. This process can also form 

composite materials by combining reinforcing particles/fibers and plastic waste to form 

components but via a melt process [196]. An alternative method of additive manufacturing 

involves the use of a liquid resin-based 3D printing that uses UV-light curing 

(stereolithography and digital light processing) and this has been applied for high-resolution 

printing applications, however the resins used are expensive [197]. Ming et al. had produced 

epoxy-continuous fiber composites but also required high temperature curing [198]. For 

construction applications, cement-based systems have been used for but require long curing 

times of 28 days and has high embodied energy [199]. There is a gap in additive 

manufacturing technology to produce low temperature cured, formaldehyde free, inorganic 

based thermoset resin-wood composite materials. 

Sodium silicate (SS), also known as water glass, is an example of an inorganic binder 

used due to its eco-friendly nature, affordability, ease to handle and prepare, high strength, 

weather resistant, and flame retardant properties [200]. It is commonly used in thermal 

insulation, as a binder for sand-cast molding in foundries, and to modify natural fiber 

surfaces [201] [202] [203] [204]. SS has been impregnated into solid wood lumber and wood 

surface treatments to protect wood from biodegradation, improve its physical, mechanical 

and flammability properties [205] [206] [207]. Composites made with natural fibers like 
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sugarcane bagasse, hemp fiber, coconut, raffia palm, and sisal using SS as binder have been 

produced and resulted in materials with improved mechanical properties [208] [209] [210].  

Studies have shown that the curing of SS can be attained using different methods 

including the use of alkali activators like sodium hydroxide or potassium hydroxide, use of 

weak acids, catalysts, the removal of water through heating, the use of carbon dioxide (CO2), 

and the use of liquid ester hardeners [204] [211]. SS acts as a binder through its formation of 

silicate, silicic acid, and precipitated gel bonds when cured. The gel further stiffens into a 

solid “glass” due to the water molecules which are drawn and adsorbed to the surface of the 

gel and the crosslinking and polymerization of the solid material into complex chains and 

networks [212] [213] . Although the use of SS is common in various applications, a limited 

number of studies on the rheology, thermal, and curing studies of SS in the presence of wood 

fiber have been documented [214] [215].  

The aim of this study was to explore the use of SS with wood fiber from sawmill 

residues to produce an extruded wood composite material. The study explored the mixing, 

formulation, and effect of wood particle size and composition on composite properties. 

Curing behavior was determined by differential scanning calorimetry (DSC) and dynamic 

rheology. The rheology of a wood-SS paste was determined by a combination of dynamic 

and capillary rheology. The wood-SS paste was extruded into rod for studying the influence 

of curing temperature on flexural properties of the composite. The thermal stability of the 

composites was determined by thermogravimetric analysis (TGA) and a flame test.  

2.3. Materials and Methods 

2.3.1 Materials 

Sawmill residues were obtained from Plummer Forests Products, Post Falls, ID., 

USA. Wood residues (100 g batches) were screened using a 40 mesh standard US screen, 

collected, and pooled together. Commercial SS solution (37 wt.%, ThermoFisher Scientific, 

Waltham, MA, USA), pH 12.5, 1.39 g/cm3 at 20 °C, was used as received.  

2.3.2 Composite Preparation 

 Wood fiber moisture content was determined using a HB43-S Halogen Moisture 

Analyzer (Mettler Toledo, Columbus, OH, USA) for 2.6 g to 3.5 g of samples in triplicate.  
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 Screened 40 mesh (0.425 mm) wood fiber and SS were mixed in ratio of 50:50 and 

60:40 ratio on a weight basis, respectively. Small batches (2 g total weight) were mixed (30 

s) using an herb grinder (Appendix Figure A2.1) for dynamic rheology tests and larger 

batches (200 g total weight) were mixed (1-2 mins) using food processor (Hamilton Beach 

model 70730 (450W, 10 cup capacity)), (Appendix Figure A2.2) for capillary rheometry and 

extrusion studies.  

2.3.3 Sample Characterization  

 Wood fiber morphology (length and width) was determined on 400 particles by 

optical microscopy (Olympus BX51 microscope with a DP70 digital camera at 40x, San 

Diego, CA, USA). Images were analyzed using Fiji ImageJ software (version 2.1.0/1.53c, 

Java 1.8.0_172 (64bit)). Sieve analysis was performed on 100 g of the screened 40 mesh 

wood fibers for 10 min using a standard shaker to pass through 40, 60, 80, 100 and 200 US 

standard mesh screens. The total weight of samples between sieves was determined and the 

cumulative percent weight was determined to ascertain size distribution. 

 Wet and cured extruded wood-SS blends were analyzed (in triplicate) by FTIR 

spectroscopy using a Nicolet-iS10 spectrometer (64 scans, Thermo-Scientific, Madison, WI, 

USA) with an attenuated total reflectance (ATR) accessory (Smart Orbit, Diamond). The 

spectra were baseline and ATR corrected and averaged using the Omnic v9.8.3 software.  

2.3.4 Thermal Analysis 

 Each blended wood-SS formulation was freeze-dried prior to DSC analysis. To 

improve sensitivity of traditional DSC, modulated DSC (MDSC) experiments were 

performed on blends (5 mg – 10 mg) using a Q200 DSC (TA instruments, New Caste, DE, 

USA) under nitrogen (20 mL/min) and refrigerated cooling. Samples were equilibrated at 40 

°C, modulated at ± 3.183 °C for 60 s, kept isothermal for 2 mins and ramped from 40 °C to 

200 °C, at a heating rate of 10 °C/min. Data was analyzed using the TA Universal analysis 

software.  

 Thermal degradation and curing behavior of wet and cured wood-SS blends under 

different curing regimes were determined using a Perkin-Elmer TGA-7 instrument (Shelton, 

CT, USA) under nitrogen (30 mL/min). Isothermal runs were performed on wet sample 
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blends wood-SS (50:50, 30 mg) from 40 °C to the desired curing temperatures of 60 or 105 

°C at 200°C /min and held isothermally for 24 hrs. Temperature ramp scans were done on 

wet and cured sample blends (4 - 6 mg) from 40 °C to 900 °C at 20 °C/min. Data were 

analyzed using the Pyris v13.3.1 software.  

2.3.5 Rheology  

 Curing and flow behavior of wet wood-SS molded discs (2.00 mm (h) x 25 mm (Ø) 

were determined from dynamic rheology measurements (complex viscosity (η*), storage 

modulus (G’), and Tan δ) performed on a Discovery Hybrid Rheometer (DHR2, TA 

instruments, New Caste, DE, USA) between two serrated parallel plates. For SS curing 

experiments, flat parallel plates (25 mm Ø) were used. Temperature ramp experiments were 

from 30 to 200 °C at 2 °C/min with 0.1% strain and frequency of 1 Hz. Frequency sweep 

experiments were performed isothermally at 22 °C using a Peltier plate with a 0.1% strain 

from 0.01 Hz to 100 Hz to obtain lower shear rate flow property values with controlled 

sample temperature. Results were analyzed using the TRIOS software v5.1.1.  

Capillary rheology experiments were performed using two capillary rheometers to 

determine the flow curves of the wet wood-SS blends at higher shear rates. Experiments were 

performed at room temperature (22 °C) using an Instron 5500R-1137 universal testing 

machine at crosshead speeds 2, 6, 10, 20, 60, and 100 mm/min. The small capillary 

rheometer (Instron model 3213) was originally used with a barrel diameter of 9.55 mm, two 

dies of different lengths (14 mm and 55 mm) and diameter of 4.0 mm equipped with a 44 kN 

load cell. To produce larger diameter rods a larger custom-built capillary rheometer was used 

with a barrel diameter of 44.45 mm, a die length of 19.05 mm, and die diameter of 8.89 mm. 

It was equipped with a 133 kN load cell (Appendix Figure A2.3). Data were acquired and 

analyzed using the Bluehill v3 Instron software according to the ASTM D3835-02 standard. 

Rheological data were also fitted to the Ostwald’s power law model of Equation 2.1. 

                                                      𝜎 = 𝐾𝛾𝑛                                                         (Equation 2.1) 

Where σ is the shear stress , γ is the shear rate, K is the consistency index and n is the flow 

behavior index which is dimensionless [216] [217]. 
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2.3.6 Extrusion System  

 An extruder was custom-built to extrude wood-SS mixtures (Appendix Figure A2.4). 

The screw (5 mm pitch) and barrel, with a 35 mm Ø barrel and 420 mm length, were 

provided by RobotDigg (Shanghai, China). A mild steel 13.5 mm Ø die was secured to the 

end of the extruder barrel. The screw was coupled to a geared motor (745.7 W, 0-40 RPM, 

NORD, USA) with a variable frequency drive (Altivar 12). Blend of wood-SS (200 g) were 

manually fed into the extruder and run for 3 mins, with slow screw speeds 0-20 rpm and high 

screw speeds 21-40 rpm to produce extruded rods. 

2.3.7 Curing Extruded rods  

 The wet extruded rods were cured separately using five different temperature regimes 

which includes 11 d at 22 °C, 2 d at either 45 °C, 50 °C or 60 °C, and at two different 

temperatures (1 d at 60 °C and then 1 d at 105 °C). The wood-SS (60:40) sample rods were 

only cured for 2 d at 50 °C. Density was determined on wet and cured samples using the 

mass per unit volume method.  

2.3.8 Flexural, Water Soak, and Fire tests 

 Flexural three-point bending tests were performed on cured extruded rod specimens 

(13.5 mm Ø x 240 mm, 5 replicates), using a Mecmesin MultiTest-dV 2.5 test machine 

(Virginia, USA), using a support span of 216 mm and crosshead speed of 5 mm/min. Data 

were acquired and analyzed using the Vector Pro v6.11 software. Data were statistically 

tested using single factor ANOVA using Excel (Microsoft Office 2017) with a 95% 

confidence interval. 

 Dimensional stability of the various cured extruded wood-SS rods (10 mm x 13.5 mm 

Ø) was determined after soaking in water for 24 h at 22 °C. Percent weight gain and 

thickness swell were determined based on original and soaked dimensions.  

A simple Bunsen burner fire test was performed on wood-SS (50:50) cured 

composites, in triplicate, for smoldering and flame retardancy. Samples were exposed to the 

tip of the Bunsen burner flame (1000-1100 °C) and monitored for 5 min via a thermocouple 

and video camera. Images taken from the video were analyzed every minute for sample 

changes and final weight loss recorded.  
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2.4. Results and Discussion 

2.4.1 Fiber Characterization 

The screened wood fiber had a moisture content of 5.2%. Wood fiber dimensions 

(width and length) were determined by optical microscopy (Figure 2.1a) in conjunction with 

image analysis. Sieve analysis plot for 40-mesh screened wood fibers is shown in Figure 

2.1b. The fiber length ranged from 18 µm to 1929 µm with a mean of 206 ± 242 µm. The 

fiber width ranged from 12 µm to 1716 µm with a mean of 192 ± 227 µm. The average 

aspect ratio of the fibers was 1.3. Longer fibers passed through the mesh screens vertically 

hence the length was larger than the screen holes. Sieve analysis of the fibers (Figure 2.2b) 

shows the 40-20 mesh (250-420 µm) fraction was 37 w/w% while the size range 60-200 

mesh (73-250 µm) contained 46 w/w%. 17 w/w% of fibers was > 40 mesh (>420 µm). Sieve 

analysis supports the presence of long fibers as observed by image analysis. 

 

Figure 2.1: (a) Optical micrograph (40x) of screened 40 mesh wood fiber and (b) size 

distribution curve from sieve analysis done on the screened 40 mesh wood fiber 

2.4.2 Blending of Wood-SS and Rheology of Wet mixtures  

Wood-SS wet samples were freshly mixed and homogenized for each experiment to 

minimize drying and curing reactions from occurring prior to analysis. To understand the 

flow properties and steady shear rheological behavior, dynamic rheology frequency sweep 

and capillary rheology experiments were performed on wood-SS and SS samples.  

Frequency sweep experiments at 22°C were done to determine the influence of shear 

rate (Hz) on the elastic (G′) and loss (G″) moduli of SS and wood-SS wet blends as seen in 

(a) (b)
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Figure 2.2a. G′ and G″ both increased with an increase in shear rate and generally G′ > G″ 

showing more elastic behavior. The lower G″ was associated with the molecular friction and 

loss of energy in the viscous material [218]. A rapid increase in G′ was observed for SS due 

to the viscoelastic nature of the material [219]. Cross over points, where G′ = G″, is assigned 

to the gel point which did not occur for the wood-SS blends. However, for SS a cross-over 

frequency of 0.04 Hz was observed. Reducing the binder content from 50% to 40% in the 

wood-SS blend resulted in a 65% decrease in G′ at 1 Hz.  

Flow curves (complex viscosity (η*) vs. shear rate) for wet wood-SS blends are 

shown in Figure 2.2b and η* values at 1 Hz are documented in Table 2.1. Shear thinning 

behavior of SS and wood-SS blends was observed for all samples [220]. In contrast, Yang et 

al. had shown a shear thickening behavior for SS solutions from 17 to 34% concentrations 

[221]. The η* of SS at 1Hz was 13 kPa.s and increased by 286 % upon addition of 50% wood 

fibers. Adding more wood fiber to 60% reduced the η*. This finding was in contrast to 

previous studies which have shown an increase in viscosity with wood content in wood 

plastic composites systems [222] [223] [224] [225] [226].  

 

Figure 2.2: (a) Elastic (G’) and viscous (G”) moduli versus frequency plots of SS and wood-

SS blends and (b) flow curves (η* vs. frequency) for SS and wood-SS blends. 

The flow curves for SS and wood-SS blends generally followed a power law fit 

model. The power law parameters fitted well with coefficient R2 values (Table 2.1) of 0.82 

and higher for SS and wood blends. The tendency for the viscosity to change with shear rate 

can be explained with the flow behavior index (n) [217]. The samples have n values between 

0.83 to 0.91 indicative of a pseudoplastic material [227]. The n value increased with the 
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addition of wood fiber to SS and increased fiber content from 50% to 60%. In contrast to 

this, Feng et al. recorded a reduction in n values with increased fiber content due to stronger 

shear thinning behavior in the study of sisal fiber and poly-butylene-succinate composites 

[228]. Manning et al. stated that there was a decrease in n values with increased addition of a 

polyether amine and a nano-clay filler causing a decrease in the shear thinning behavior 

[229]. The magnitude of K increased with the addition of wood fiber to the SS and reduced 

with increased wood composition from 50% to 60% [217] [230]. 

Table 2.1: Dynamic viscosity values at 1 Hz and flow behavior index (n) and consistency 

coefficient (K) 

Capillary rheology (in the small system) was used to study the extrudability of the 

wood-SS (50:50) blends at high shear rates (γ) comparable to extrusion using two die lengths 

at room temperature (20-23 °C). Images of the extrudates for the small and large capillary 

rheometer are shown in Figure 3a. Bagley and Rabinowitch corrections were performed on 

the rheological results according to ASTM D3835 to obtain true viscosity (ηtrue) and γ values 

(Figure 3b and Table 2).  The γ obtained was between 2 and 100 s-1. The ηtrue decreased with 

γ and values obtained were from 49.4 to 1.2 kPa.s (Table 2.2). Shear thinning and 

pseudoplastic behavior was also observed with an increase in shear rate as seen with most 

polymer melts [217]. The flow curve followed a power-law fit model and the model 

parameters (n and K) are given in Table 2.2. The power law component, n for the wood-SS 

(50:50) decreased to 0.76 and consistency coefficient value, K, increased to 92 kPa.s in 

comparison to the dynamic rheology results showing a higher shear thinning behavior at 

higher shear rates [226].  

 A large capillary rheometer was constructed to produce large diameter rods for 

evaluation. The large capillary rheometer had a single die length and η was calculated with 

an intercept pressure value considered as zero. Values for γ were from 1.4 s-1 to 69 s-1 and 

Sample η* at 1Hz 

(kPa.s) 

K 

(kPa.s) 

n R2 values 

SS 13 11 0.83 0.8191 

wood-SS (50:50) 52 47 0.87 0.9604 

wood-SS (60:40) 19 18 0.91 0.9575 
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with a concomitant shear η from 225 to 12.4 kPa.s (Table 2.2). The η values from the small 

capillary rheometer were lower than those obtained with the larger system. Values from the 

larger capillary rheometer were not corrected for true shear stress according to Bagley since 

only one die length was used (ASTM D3835) hence the higher range of ηtrue values. Bagley 

corrections are essential to account for pressure losses sustained by the sample in motion 

from the barrel to the capillary die, die entrance and effects with different die lengths [226]. 

The flow curves also followed a power-law fitted model (Table 2.2 and Figure 2.3b). A 25% 

increase was observed for the power law index n in the large capillary rheometer and K 

values increased over 200%. The rheological measurements on the wood-SS (50:50) blend 

from the dynamic, and two capillary rheometers are shown together in Fig. 3b. In comparison 

to the dynamic rheology, the capillary rheology true viscosity values are slightly higher due 

to the influence of the pressure driven methodology and increased shear rate which causes 

the increase in viscosity values [226]. All flow curve plots (dynamic and capillary) had 

similar slopes, but a definite offset (K) was observed. 

 

Figure 2.3: (a) Photograph of extrudates from the small and large capillary rheometer and 

(b) viscosity versus shear rate (flow curves) plots of wood-SS (50:50) blend by dynamic and 

capillary rheometry at 22oC. 
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Table 2.2: Viscosity values for small and large capillary rheology dies 

 

2.4.3 Curing of wood-SS blends (DSC, Isothermal TGA and temp ramp rheology) 

The curing of SS and wood-SS blends was monitored by DSC. To improve the 

resolution of the analysis of these wet materials modulated DSC (MDSC) was used to obtain 

the reversible and non-reversible heat flow and heat capacity data. Curing reactions were 

observed by the presence of exothermic peaks in the DSC thermograms of SS and wood-SS 

blends (Figure 2.4a). The peak temperature and enthalpy of SS and wood-SS blends are 

given in Table 2.3. To verify these exotherms, MDSC curves of the wood particles were 

obtained (Figure 2.4b), and exothermic peaks were not seen except between 45 °C to 60 °C. 

The area under each curve was measured for the enthalpic heat of reaction. Kelley et al. 

(1987) in a study of spruce wood attributed the DSC peak at 50 °C to enthalpy relaxation 

which is closely associated to the glass transition temperature (Tg)  [231]. The enthalpy of 

curing and the intensity of exotherms also increased with the addition of wood. It is assumed 

that with an increase in wood content, the curing of SS occurred at a lower temperature due 

Shear rate (1/s) ηtrue (kPa.s) n values K values (kPa.s) R2  

Small capillary rheology  

2.0 49.4  

 

 

0.76 

 

 

 

92 

 

 

 

0.998 

6.0 15.7 

10.0 10.5 

20.1 5.8 

60.2 1.9 

100.3 1.2 

Large capillary rheology 

1.4 225.0  

 

 

0.95 

 

 

 

339 

 

 

 

0.979 

4.1 123.1 

6.9 90.1 

13.8 52.2 

41.4 19.4 

68.9 12.4 



37 

 

to the free movement of SS molecular chains  [232]. Curing peak temperatures were seen at 

83 °C, 163 °C and 153 °C for SS, Wood-SS blends at 50:50 and 60:40, respectively. Zhou et 

al. (2009) observed two endothermic peaks for SS at 88.3 °C and 126.1 °C for the 

dehydration condensation of the silanol groups in SS and further condensation, respectively 

[233].  

 

Figure 2.4: (a) Nonreversible heat MDSC heat flow thermograms of SS and wood-SS blends 

and (b) MDSC heat flow thermograms of wood fiber. 

Table 2.3: MDSC peak values for wood and SS samples 

Sample Major 

Exothermic 

Peak (°C) 

Enthalpy (J/g) 

SS 83 (±0.6) 6.4 (±0.5) 

Wood-SS (50:50) 163 (±9.2) 23.2 (±8.2) 

Wood-SS (60:40) 153 (±2.0) 31.5 (±6.9) 

 

The curing behavior of SS and wood-SS blends was also examined by dynamic 

rheology (η* and tanδ) using a temperature ramp (Figure 2.5). This approach was used by 

Katoueizaha et al, and Pham et al. to investigate the gelation of SS [214], [215]. At low 

temperature (30-50 °C), the curing reaction is slow and a slight increase in η* is observed. As 

the temperature increases from 50 to 105 °C the η* decreases due to softening of SS. Finally, 

>105 °C there is a rapid rise in η* as the SS goes from a liquid to a gel and then to a vitrified 

glass [234]. During the curing of SS, foaming and spreading of the solution occurred with an 

increase in temperature leaving a foam-like residue. Subasri and Nafe (2008) recorded that 
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this foaming reaction occurs between 400 °C and 750 °C for pure SS followed by the 

crumbling of the structure [235].  The sharp increase in η* of SS shows the start of gelation 

under the low strain used. With the addition of wood fibers to SS, the mixture has a higher η* 

[236] [237]. For the wood-SS blends the temperature at maximum η* were 110 °C for 50:50 

mix and 103 °C for 60:40 mix were assigned to gelation. The max η* for the wood-SS 50:50 

blend was higher than the 60:40 blend and could be attributable to a decrease in SS content. 

Tan δ (G″/G′)  plots against temperature (Figure 2.5b) was used to establish gelation 

of the SS. Tan δ for the formulations is dependent on fiber volume fraction, temperature and 

type of fibers [237]. As temperature increased tan δ increased to a maximum (104 °C for SS, 

108 °C for 50:50 blends and 96 °C for 60:40 blend) which corresponded to more molecular 

mobility (liquid behavior). Tan δ then decreased to a minimum with temperature (120 °C for 

60:40 blend and 135 °C for 50:50 blend) and this was assigned to the gelation point. Tan δ 

was highly influenced by wood content (fiber fraction) which can restrict polymer chain 

movement [232] [238].  

 
Figure 2.5: (a) Complex viscosity (η*) plots against temperature and (b) Tan δ plots against 

temperature for SS and wood-SS blends. 

The curing behavior of wood-SS 50:50 blend was also studied by isothermal TGA by 

examining temporal loss in weight of water (Figure 2.6). The thermograms’ curves show a 

weight loss of 37% at 10 min while being cured at 105 °C. While at 60 °C curing took 24 min 

to achieve a 37% weight loss. The final weight loss after 24 h of isothermal curing at 60 °C 

and 105 °C was about 40-41%.  
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Figure 2.6: Isothermal TGA thermograms for wood-SS 50:50 blend at 60 and 105 °C. 

2.4.4. Extrusion of wood-SS blend  

 The wood was blended into SS in a 50:50 or 60:40 ratio using high shear mixer and a 

slight warming of the mix was observed which was attributed to an exothermic reaction of 

SS reacting with ambient CO2, which was about 400 ppm [213] [239]. The mixture was fed 

into the extruder and the screw speed was shown to greatly influence the surface smoothness 

(< 20 rpm) or roughness (Figure 2.7). At higher screw speed 21-40 rpm, shark skin (surface 

fracture) was observed in the extruded rod due to elastic surface instability [240]. Several 

arguments have also attributed this occurrence to some stick-slip phenomena which occurs at 

the die-exit [241].   

The extruded rods were initially cured at 105 °C and surface cracks were formed and 

possibly due to differential stresses caused by a moisture gradient. Therefore, different curing 

regimes (22, 45, 50, 60 and 105 °C at different times) were explored to mitigate crack 

formation. Crack formation can be attributed to the rapid shrinkage of the composite surface, 

at higher temperature, whilst loosing water due to thermal stresses [242]. 
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Figure 2.7: Photographs of (a) smooth extruded wood-SS (50:50) rods and (b) extruded 

wood-SS showing sharkskin. 

The density of the wet extruded rods ranged between 0.96 to 1.42 g/cm3 (Table 2.4). 

The density of the rods decreased after curing to between 0.79 and 0.92 g/cm3. This decrease 

in density resulted from water removal [243] [244].  

Table 2.4: Wet and cured density calculations for extruded wood-SS 50:50 and 60:40 blends. 

Sample Curing time (d = days) and 

temperature 

Wet Density 

(g/cm3) 

Cured Density 

(g/cm3) 

 

Wood-SS (50:50) 

11 d at 22°C 1.42 (±0.02) 0.92 (±0.02) 

2 d at 45°C 1.34 (±0.02) 0.86 (±0.02) 

2 d at 50°C 1.33 (±0.02) 0.83 (±0.02) 

2 d at 60°C 1.33 (±0.04) 0.79 (±0.03) 

  

(a) 

(b) 
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 1 d at 60°C + 1 d at 105°C 0.96 (±0.03) 0.84 (±0.02) 

Wood-SS (60:40) 2 d at 50°C 1.30 (±0.05) 0.89 (±0.05) 

Note: Standard deviation in parentheses. 

The chemical features of wood fiber and SS blends were determined by FTIR 

spectroscopy (Figure 2.8). The main absorption bands for SS were seen between 500 and 

1200 cm-1 and assigned to vibrations of the silicate group [245] [246] [247]. The distinct 

band at 1001 cm-1, which has two shoulders was attributed to the Si-O-Si stretching 

vibrations. This band is known to shift to higher frequency with an increase in the degree of 

polymerization of silicate ions in SS [245]. The two shoulders at 888 cm-1 and 1100 cm-1 

were assigned to Si-OH bonds [246] [247]. The bands at 3364 cm-1 and 1639 cm-1 were due 

to the presence of water and O-H stretching modes. The low intensity bands between 2100 

cm-1 and 2400 cm-1 were assigned to hydrogen bridging in the silicate lattice [248], [249] 

[250].   

The wood fiber spectrum (Figure 2.8) showed an intense O-H stretching band at 3329 

cm-1. A C-H stretching band at 2880 cm-1 was also observed and assigned to wood polymers 

and extractives [251]. The band at ~1100 cm-1 was assigned to C-O stretching of cellulosic 

polysaccharides. Bands at 1507 cm-1 and 1600 cm-1 were assigned to lignin aromatic units 

[252]. The band at 1730 cm-1 was assigned to an ester carbonyl (C=O) groups in 

hemicellulose [253], [254].  

FTIR spectroscopy was employed to examine the chemistry of the cured wood-SS 

material performed at different curing regimes (Figure 2.8). The wet wood-SS mixture 

showed a large O-H stretching band at 3334 cm-1 and 1639 cm-1 due to the presence of water 

[248]. In addition, the mix had bands associated with wood and SS, as described above. 

Upon curing of the wood-SS mix the O-H stretching band (centered at 3300 cm-1) decreased 

in intensity and was temperature dependent. This decrease was attributed to the removal of 

hydroxyl groups, dehydration and crosslinking reactions that occurred [255].  

During curing the C-H stretching (methylene) bands at 2800 cm-1 and 3000 cm-1 

became visible. The  Si-O-Si, C-O stretching and Si-O symmetric stretching bands centered 

at 1000 cm-1 also increased in intensity [251], [256], [257]. Si-O-C vibrations were also seen 

at 1260-1270 cm-1 for all cured samples [258]. The lignin aromatic units in wood were also 

Table 2.4 cont’d 
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detected at 1508 and 1600 cm-1. The skeletal C-C band centered at 1420 cm-1 was shown to 

increase in intensity with curing temperature. In addition, the carbonyl band around 1700 cm-

1 associated with hemicellulose was also observed  [252] [259]. These results show that FTIR 

spectroscopy clearly showed chemical functional group differences between wood-SS blends 

cured at different temperatures. 

 

Figure 2.8: FTIR spectra of wood fiber, SS solution, wood-SS (50:50) wet mix, and wood-

SS (50:50) cured at different times and temperatures. 

2.4.5. Flexural, Thermal degradation, Water Soak and Fire properties 

The flexural strength and modulus of the extruded wood-SS (50:50 and 60:40) cured 

rods were determined and the results are given in Table 2.5. The flexural strength of the 

50:50 blend rods cured between 22 and 60 °C was about 24 MPa and not significant. The 

strength significantly decreased to 11 MPa for wood-SS cured using the 2-step regime (60 °C 

plus 105 °C). Lower values of flexural strength in pine, SS and clay composites were 

observed when cured at 75 °C [260]. The decrease in strength may be attributable to (i) non-

homogenous cross-linked structures [261] and/or (ii) the formation of voids in the matrix due 

to water formed bubbles as evident of its low wet density [262]. Changing the wood-SS 

blend ratio from 50:50 to 60:40 (cured at 50 °C) did not significantly change the flexural 

strength of the composite. 
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  The flexural modulus of the 50:50 blend rods cured between 22 and 60 °C was about 

4.5 GPa and was not significant (Table 2.5). The modulus decreased significantly by half 

when the wood-SS mix was cured at higher temperature. By increasing the wood content 

from 50 to 60% (cured at 50 °C) there was no significant change in flexural modulus.  

Table 2.5: Bending strength values for wood-SS (50:50 and 60:40) extruded samples cured 

at different temperatures. 

Cured wood-SS sample Flexural Stress (MPa) Modulus of Elasticity 

(GPa) 

50:50 blend 

11d at 22°C 23.5 (±1.5)a 4.3 (±0.2)b 

2d at 45°C 23.9 (±2.0)a 4.6 (±0.2)b 

2d at 50°C 24.7 (±2.2)a 4.6 (±0.4)b 

2d at 60°C 23.2 (±3.7)a 4.4 (±0.6)b 

1d at 60°C + 1d at 105°C 11.1 (±1.1)b 2.3 (±0.2)a 

60:40 blend 

2d at 50oC 25.0 (±2.0)a 4.3 (±0.6)b 

Note: Standard deviation in parentheses. Samples with different superscript letters (a, b, c) 

are statistically different (p < 0.05) using a single factor ANOVA test. 

The thermal stability of the cured wood-SS materials and the effect of increased wood 

composition in the blends was studied by TGA. Thermograms and TGA values are seen in 

Figure 2.9 and Table 2.6, respectively. The wood-SS (50:50) sample cured for 11 d at 22 °C 

had the lowest residual weight of 57% (Figure 2.9). As the curing temperature increased the 

higher the residual weight remained (65% at 60 °C + 105 °C). The weight loss of the cured 

wood-SS occurred in 2 stages, as observed by two negative DTG peaks, between 40 - 140 °C 

and 140 - 440 °C. Water loss occurred between 40 - 140 °C [212] [263] [264]. The intensity 

of the water loss DTG peaks are seen to reduce with increased curing temperature. Li et al 

(2013) reported a similar range of degradation temperature for SS from 75 to 221 °C 

associated with water loss [265]. The second degradation stage is associated with the 

breakdown of silanol groups and wood components [230] [266]. 
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 With an increased in wood content to 60%, a lower residual weight was recorded at 

55% in comparison to 61% for wood-SS (50:50) samples which were cured at 50 °C. This is 

due to the presence of unbonded wood particles and low thermal stability of the 

lignocellulosic components in wood fiber. Natural fillers like wood in increased amounts are 

known the reduce the thermal stability of composites hence the observed residual weight 

reduction [267].  

 
Figure 2.9: TGA and DTG thermograms of wood-SS samples cured at different 

temperatures. 
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Table 2.6: Thermogram peak values for the cured wood-SS composites. 

Curing time and 

temperature 

First Peak 

(°C) 

Second Peak 

(°C) 

Residual (%) 

50:50 blend 

11 d at 22°C 79 (±4.5) 310 (±2.3) 57 (±1.1) 

2 d at 45°C 76 (±2.1) 305 (±1.1) 57 (±1.4) 

2 d at 50°C 77 (±3.7) 307 (±1.2) 61 (±0.5) 

2 d at 60°C 103 (±6.2)  305 (±2.4) 63 (±0.5) 

1 d at 60°C + 1 d at 

105°C 

- 307 (±1.9) 65 (±0.7) 

60:40 blend 

2 d at 50°C 77 (±5.3) 309 (±2.6) 55 (±3.0) 

Note: Standard deviation in parentheses. 

2.4.6. Water absorption properties 

 The wood-SS composites were evaluated for their water resistance by performing a 

24 h water soak test. All the wood-SS composites cured between 22 and 60 °C disintegrated 

after 24 h water soaking. The wood-SS sample cured at the higher temperature (1 d at 60 °C 

+ 1 d at 105 °C) remained intact after water soaking (80% weight gain and 21% thickness 

swell). It appears that curing at low temperature removed the water from the wood-SS mix 

but did not cross-link the SS and that the higher curing temperature resulted in SS 

crosslinking [268] .    

2.4.7. Fire Test 

The wood-SS (50:50) composite cured at the higher temperature was evaluated for its 

fire resistance using a Bunsen burner test over 5 min (Figure 2.10). At 1 min the composite 

bent slightly. After 5 min the sample exhibited no smoldering once the flame was removed 

and an average weight loss of 20% was recorded. Visual inspection of the flame tested 

sample (Figure 2.10d) showed some small sub-mm diameter perforations (holes) on the 

surface and confirms that the wood-SS composite was qualitatively fire resistant. 
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Figure 2.10: Photographs of the wood-SS (50:50) composite during a Bunsen burner flame 

test at (a) 0 min, (b) 2 min, (c) 4 min, and (d) after 5 min (test completed). 

2.5. Conclusion  

 Composites made from wood-SS were successfully blended, extruded into 2-

dimensional rods, and cured. The wood-SS blends were shown to have good rheological 

properties suitable for extrusion. Wood-SS (50:50) samples exhibited good thermal stability, 

burning properties and flexural properties. The flexural properties decreased with higher 

curing temperatures. The water soak performance of the low temperature cured composites 

was not satisfactory; however, at higher temperature curing the composites performed well. 

The wood-SS composite material shows potential for use in additive manufacturing for 

interior applications. Furthermore, SS is an inexpensive non-toxic binder in fire 

retardant/resistant natural fiber composites. To move this technology forward further work is 

required to (i) fully understand the curing mechanism of SS in wood blends, (ii) improve the 

curing process to have good water performance as well as flexural properties, and (iii) 

explore the use of acidic catalysts to accelerate curing.  
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Chapter 3: Flow, curing and mechanical properties of thermoset resins–

wood-fiber blends for potential additive-manufacturing applications. Orji, 

B. O., & McDonald, A. G. (2023) 

“Flow, curing and mechanical properties of thermoset resins–wood-fiber blends for 

potential additive-manufacturing applications”, Orji, B. O., & McDonald, A. G. (2023), 

Wood Material Science & Engineering, https://doi.org/10.1080/17480272.2022.2155873. 

3.1 Abstract 

This study examined the use of softwood mill residues (50-90%) with two 

thermosetting resins (i) urea-formaldehyde (UF) and (ii) phenol-resorcinol-formaldehyde 

(PRF) resin for potential use in additive manufacturing (AM) of wood composite materials. 

The curing behavior of these blends was evaluated using differential scanning 

calorimetry and dynamic rheology. Curing kinetics was determined using the Kissinger and 

Cranes method. The presence of wood fibers reduced the curing peak temperatures for both 

resin blends at the same heating rates but curing peak temperatures increased with heating 

rates. Activation energy (Ea) increased with the addition of wood for the wood-PRF blends 

but reduced for the wood-UF blends in comparison to the neat resins. Ea values were between 

51 kJ/mol and 271 kJ/mol for PRF and wood-PRF samples and 100 kJ/mol and 367 kJ/mol 

for UF and wood-UF samples. Frequency sweep flow curves of the green wood-resin blends 

showed shear thinning behaviors with viscosity values between 103 to 108 Pa.s at 30 °C. 

Mechanical properties of the wood-resin composites generally showed a reduction in flexural 

modulus with an increase in wood content. Wet wood (50%)-PRF blend was successfully 

extruded and shows promise for use in AM, however the wood-UF blend was not successful.  

3.2 Introduction 

 The production of wood based composites using wood residues and thermosets has 

been an efficient way over the years to reduce the environmental issues of full log utilization 

[269]. These wood residues are commonly converted into flat non-structural wood composite 

panels such as particle board and medium density fiber board [270] [271]. These products are 

mostly produced in volume using a large forming line and hot-press. These composite panels 
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can be routed, trimmed, drilled to produce the final product (e.g. furniture) which generates 

waste [272] [273]. Commonly used adhesives in wood composites are formaldehyde based 

such as phenol formaldehyde (PF), phenol-resorcinol-formaldehyde (PRF), urea-

formaldehyde (UF), and melamine-urea-formaldehyde (MUF) resins [274]. These resin 

systems are used based on their cost, mechanical, rheological, thermal, and curing properties 

in wood-based products [275]. The main process for producing densified wood-based 

composites involve hot pressing to obtain the required density profile, curing, heat, and mass 

transfer reactions [270]. Resorcinol in PRF resins make them cold setting resins in 

applications such as glulam beam, where high strength, weather resistant bonds and 

waterproof properties are required [276] [277]. Melamine modified UF resins, though 

expensive, have imparted good bonding and water resistance properties [278]. However, 

there are some issues with formaldehyde-based resins including free formaldehyde emissions 

over time. The use of melamine in UF resins, even in small amounts, has also been recorded 

to reduce formaldehyde emissions [279].  

In recent years, additive manufacturing (AM) has been used to directly formulate 

products of unique shapes and sizes whilst reducing post machining waste. This technique 

can serve as an alternative for waste wood products production but requires more research to 

understand the necessary properties that will facilitate AM processes [280] [281] [282]. AM 

in the presence of wood fiber fillers (<10%) have been studied over the years, primarily using 

thermoplastic and UV-cured thermosetting binders [62] [283] [45] [44]. Bio-epoxy based 

inks with sawdust and lignin (≤35% w/v) has been successfully 3D printed using a developed 

technique of delayed extrusion of cold masterbatch (DECMA) to enable proper layer to layer 

deposition [10]. The use of wood fiber will reduce wood waste and promote sustainability in 

AM [284] [285] [286]. Good interfacial adhesion is required between the wood fiber and the 

resin matrix to impart good mechanical performance. Thermoset resins generally have 

improved performance (thermal resistance, deformation resistance, and good mechanical 

properties) over thermoplastic resins due to their cross-linked structure [45]. Recent work by 

Orji et al. has shown that wood-sodium silicate formulations could be extruded and 

potentially used in AM [287]. 

Understanding the curing behavior and rheological properties of these blends, such as 

wood content and resin type, is very crucial to enable the proper optimization of AM process 
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designs and improving the properties of the product [288] [289]. The importance of rheology 

in AM in a study involving the mechanisms that cause collapse for tall thin printed walls 

using nano clay and fumed silica epoxy feedstocks [290]. Curing kinetics of resins which has 

been studied over the years contributes to understanding the bond changes and crosslinking 

reactions, but little information has been recorded on the rheology and curing kinetics of 

different wood content thermoset blends. The influence of liquified wood on the curing 

kinetics of melamine urea formaldehyde has also been analyzed using DSC to account for 

curing reactions in developing industrial processes [291]. The effect of filler load on the 

curing behavior of oil palm shell thermoset composites with a maximum filler loading of 33 

wt.% and curing reactions were monitored to aid the understanding of filler loading on curing 

rate [267]. Extruded wood thermoset composite was studied using a novolac phenolic resin 

with 50 to 62 wt.% of wood fibers, but this was only achievable because of the thermoplastic 

modifier [292]. They also stated that with higher wood content, extrusion was barely possible 

because of issues of restricting flow properties and friction. The goal of this study involves 

understanding the rheology, curing behavior of composites formulated from two 

formaldehyde resins, PRF (cold setting resin) and UF (hot setting resin) in the presence of 

high wood fiber content (50 to 90 wt.%) to establish which wood loading would be best for 

extrusion and AM. Dynamic rheology and differential scanning calorimetry (DSC) were used 

to study the curing properties and understand their flow properties for possible AM 

applications. Thermal and mechanical properties of the cured composites were also 

ascertained from thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA) 

and flexural tests.   

3.3 Materials and Methods 

Softwood mill residues were obtained from Plummer Forests Products (Post Falls, ID, 

USA) and screened to pass through a standard 40 mesh screen. Commercial resins were a 

cold setting PRF (Cascophen (TM) 4001-8 / Cascoset (TM) 5830 E (2.5:1) by Hexion, pH = 

10.2) for glulam beam applications and hot setting melamine modified UF Resin (60% 

solids, Leaf C2 636A26, Georgia Pacific, pH = 8.5) for particleboard.   
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3.3.1 Wood Fiber characterization 

 Moisture content of the wood fiber was determined using 2.6 g to 3.5 g of samples in 

a HB43-S Halogen Moisture Analyzer (Mettler Toledo, Columbus, OH, USA). Wood pH 

was determined on an aqueous extract of the wood fiber (5 g) in water (40 g) that was 

refluxed for 10 min, cooled, and measured using an Accumet AP61 (Hampton, NH, USA) 

pH meter. Length and width dimensions of the 250 screened wood particles was determined 

using optical microscopy (Olympus BX51 microscope with a DP70 digital camera at 40x, 

San Diego, CA, USA). Fiji ImageJ software (version 2.1.0/1.53c, Java 1.8.0_172 (64bit)) 

was used to analyze the micrographs to determine aspect ratio [287].  

3.3.2 Electrospray Ionization Mass Spectrometry (ESI-MS) of the resins 

The average molar mass distribution of the resins was determined by ESI-MS on a 

Finnigan LCQ-Deca instrument (ThermoQuest) between m/z 100 and 2000. PRF was 

analyzed in the negative ion mode while the UF resin was analyzed in the positive ion mode. 

Resin (1 mg) was dissolved in methanol (1 mL) and introduced at 10 µL/min. Ionic and spray 

voltages were respectively 4.5 kV and 50V a 275 °C. The weight average molar mass of the 

resins was calculated using the formula MW = ΣNiMi
2/Σ NiMi with Ni been the intensity of 

ions and Mi the mass after charge account.  

3.3.4 Composite Preparation  

Screened wood fibers (50 to 90%) were blended with either a UF or PRF resin on dry 

weight basis. For small samples (2 g batch), an herb grinder was used for mixing (2 min) and 

preparing dynamic rheology specimens (2.00 mm (h) x 25 mm Ø) by cold pressing in a 25 

mm Ø pellet die with 0.45-tonne load. For larger batches of wood-resin blends (50-100 g) a 

coffee grinder (Pinlo, 200 W) was used for mixing (2 min) and the mixture transferred to a 

75 mm Ø pellet die set and pressed into discs at 160 °C for 10-15 min at 1.2-ton load (PHI 

hydraulic press, City of Industry, CA, USA). After pressing, the disc samples were kept flat 

by placing a 500 g weight and conditioned at room temperature for 24-48 h at ambient 

conditions. Density of cured samples were determined by measuring its dimensions and 

weight. Cured neat resins and wood fibers density was determined in nitrogen using an Ultra-

Pycnometer 1000 (Quantachrome, USA) at room temperature. 
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3.3.5 Thermal analysis 

Wood-resin blends and resins were freeze-dried prior to DSC analysis. Modulated 

DSC (MDSC) on freeze dried samples (5 mg) was performed in hermetically sealed Tzero 

Aluminum pans on a Q200 DSC (TA instruments, New Caste, DE, USA) under nitrogen (50 

mL/min) and refrigerated cooling from 40 °C (2 min) and ramped to 250 °C at either 5, 10, 

15 or 20 °C/min. Samples were equilibrated at 40 °C for 2 min, modulated at amplitudes of 

+/- 0.8, 1.6, 2.4 and 3.2 °C for respective heating rates every 60 s, and ramped to 250 °C. 

Data was analyzed using the TA Universal analysis software. The kinetic parameters were 

determined using the Kissinger-Akahira-Sunose ((KAS) iso-conversional) and Crane 

methods [293] [294]. The enthalpy of curing was calculated from the total area under the 

exotherm curve and used with the Kissinger equation (3.1). The Crane equation (3.2) was 

used to determine the reaction order (n) values. 

                                       − ln (
𝛽

𝑇𝑝
2) =  

𝐸𝑎

𝑅𝑇𝑝
− ln (

𝐴𝑅

𝐸𝑎
)                                           (Equation 3.1) 

                                         
𝑑𝑙𝑛(𝛽)

𝑑𝑙𝑛(
1

𝑇𝑝
)

=  
−𝐸𝑎

𝑛𝑅
                                                      (Equation 3.2) 

Where, β is the heating rate (K/min), Ea is the activation energy in J/mol, Tp  is the 

exothermic peak temperature, R is the gas constant (8.314 J/mol/K), and A is the pre-

exponential factor (1/s). To determine Ea, a plot of -ln(β/Tp
2) versus 1/Tp

2 for and the slope is 

used. To determine the pre-exponential factor A, the intercept of the plot was used. For the 

reaction order (n) values, the linear slope obtained from the plot of ln (β) vs 1/Tp in the 

Crane’s equation was used. To determine the Ea at every degree of conversion, the KAS 

equation below was used.  

                                       − ln (
𝛽

𝑇2) =  
𝐸𝑎

𝑅𝑇
− ln (

𝐴𝑅

𝐸𝑎𝑔(𝛼)
)                                        (Equation 3.3) 

where, T is the temperature at a given degree of conversion (K).  

Thermal stability of wet and cured samples (5 mg) was determined using a Perkin-

Elmer TGA-7 instrument (Shelton, CT, USA) under nitrogen (30 mL/min). Non-isothermal 

scans were performed from 40 to 900 °C at 20 °C/min and data analyzed using the Pyris 

v13.3.1 software.  

The softening temperature of the cured resins (~1 mm thick pieces were determined 

using a PerkinElmer TMA-7 instrument under nitrogen (30 mL/min) with refrigerated 



52 

 

cooling, from -25 to 350 °C at a rate of 5 °C/min. Data was analyzed using the Pyris v13.3 

software.  

Viscoelastic properties of the cured composites (3 mm x 4 mm x 15 mm) were 

performed in duplicate using a Perkin Elmer DMA-7 instrument in 3-point bend mode (15 

mm span, 1 Hz and 0.1% strain) on rectangular sample from -30°C to 350°C at 5 °C/min. For 

cured PRF and UF resins (4 mm x 4 mm x 1 mm) compression mode (1 Hz and 0.1% strain) 

was used from 30 °C to 350 °C at 5 °C/min. Data was analyzed using the Pyris v13.3 

software.  

3.3.6 Dynamic rheology  

Flow, curing characteristics and rheology properties (complex viscosity (η*), storage 

modulus (G’), Tan δ) were performed on wet discs (2 mm x 25 mm Ø) and neat resins using 

a Discovery Hybrid Rheometer (DHR2, TA instruments, New Caste, DE, USA) between two 

serrated parallel plates (for wood resin blends) and disposable aluminum plates (for neat 

resins). Measurements were determined using (i) temperature ramp from 30 to 200 °C at 2 

°C/min with 0.1% strain and frequency of 1 Hz and (ii) isothermal (30 °C) with 0.1% strain 

and a frequency sweep from 0.01 to 100 Hz.  

3.3.7 Extrusion 

 To determine the extrudability of wood-resin blends (50 g batch, 50:50 and 60:40) for 

use in AM, wet sample blends were extruded using a RobotDigg (Shanghai, China) extruder 

(200 W motor and 17 rpm) with a 20 mm Ø barrel, 200 mm length, 8.5 mm pitch and a 9 mm 

Ø die for a run time of 10 min (Appendix Figure A3.1).  

3.3.8 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared (FTIR) spectroscopy was performed on a Nicolet-iS10 

spectrometer (Thermo-Scientific, Madison, WI, USA) with an attenuated total reflectance 

(ATR) accessory (Smart Orbit, Diamond). The spectra were ATR and baseline corrected 

using the Omnic v9.8.3 software. 



53 

 

3.3.9 Flexural testing 

Flexural properties of cured samples cut into 5 rectangular specimens (63.5 mm x 

13.5 mm x 3 mm) were determined according to ASTM D790 using an Instron 5500R-1132 

universal testing machine (5 kN load cell, 48 mm span, and cross head speed of 1.1 

mm/min). Data was collected and analyzed using Bluehill v3.3 Instron software. 

3.3.10 Water Soak 

 Thickness swell (TS) and water absorption (WA) of cured specimens (15 mm x 15 

mm x 3 mm) were determined after a 24 h water soak test. Percent weight gain and thickness 

swell were calculated from original and final dimensions and weight. 

3.3.11 Statistical Analysis 

Flexural properties and water soak test results were evaluated using a one-way 

ANOVA test for individual test results with a 95% confidence interval in QI Macros 2018 

(Microsoft Excel).  

3.4. Results and Discussion 

3.4.1 Wood Fiber Characterization  

The wood fiber had a moisture content of 5.6%. The fibers have been previously 

characterized and shown to have an average length 208 µm with an aspect ratio of 1.2 [287]. 

Fiber aspect ratio is an important parameter in promoting good mechanical properties in 

wood composites [295] [296]. The pH of the wood was 4.85. The acidity of the fiber will aid 

in catalyzing UF resins while retarding curing in PRF resins [297] [298].  

3.4.2 Resin Molar Mass Determination  

 The weight average molar mass (Mw) of the PRF was 885 g/mol (Figure 3.1a) and UF 

was 921 g/mol (Figure 3.1b) were calculated from the ESI-MS data. The negative ion ESI-

MS of PRF showed major peaks with tentative assignments at m/z 109 (resorcinol (R), [R-

H]-), m/z 321 (resorcinol2-methylol3, [R2M3-H]-),  m/z 443 ([R3M4-H]-), m/z 639 ([R5M2-

H2O-H]-), m/z 761 ([R6M2-H2O-H]-), and m/z 549 (phenol5methylol2-H2O-H]-) based on 

Pizzi et al., (2004). The positive ion ESI-MS of UF (Figure 3.1b) gave major peaks with 
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tentative assignments at m/z 185 (urea2-methylol, [U2M+Na]+), m/z 215 ([U2M2+Na]+), m/z 

245 ([U2M3+Na]+), m/z 257 ([U3M+Na]+), m/z 287 ([U3M2+Na]+), m/z 317 ([U3M3+Na]+), 

and m/z 391 ([U4M3+Na]+) based on H. Wang et al., (2018). The resins both have oligomers 

with methylene bridges [301] [302]. 

 

Figure 3.1: ESI-MS of (a) PRF resin (negative ion) and (b) UF resin (positive ion) 

3.4.3 Rheology and curing of resin and wood-resin blends 

The curing of neat resins and wood-resin blends (Figure 3.2)(Appendix Figure A3.2) 

were examined by dynamic rheometry as a function of temperature and frequency. The 

elastic (G′) and viscous (G″) moduli, tan δ and complex viscosity (η*) rheological properties 

were measured.  

The flow (curve) characteristics of the resin and wood-resin blends were determined 

using a rheological frequency sweep experiment to determine the influence of shear rate on 

η* at 30°C (Table 3.1 and Figure 3.2a and 3.2b). The temperature used was considered an 

expected extrusion operating temperature for AM. For PRF resin, linear shear thinning 

behavior was seen >0.1 Hz, but deviated at low frequencies (0.03 to 0.08 Hz). Shear thinning 

influences the ability for the wood-resin blends to be extruded through a nozzle and its ability 

to relax adequately after shear has been applied [303]. In addition, the applied shear forces 

will break up any agglomerates. The addition of wood to PRF increased the η* by about 2 

orders of magnitude (102 times) at 1 Hz (Table 3.1). Shear thinning behavior was observed 

for the wood-PRF blends. The η* of 350 kPa.s for wood-PRF at 50% wood content dropped 

by nearly half by increasing wood content to 90%. This phenomenon of η* reduction could 

be attributable due to the presence of excess wood starving the interaction between resin 
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droplets hence creating a network that has less internal friction and lower fluid consistency. 

The UF resin showed a similar behavior to PRF and was independent of shear rate or 

frequency [304]. The η* values increased by 3 orders of magnitude (103 times at 1 Hz) with 

the addition of wood fiber to UF resin. The η* of 155 kPa.s for wood-UF at 50% wood 

content nearly doubled by increasing wood content to 90%, which was an opposite trend to 

wood-PRF. Also shear thinning behavior was observed for all the wood-UF blends and 

although low η* is required for extrusion, too low η* values could cause dripping from the 

printing nozzle [303]. To interpret the flow curves further analysis was required.  

The flow curves (η* versus frequency plots) were analyzed by two different models. 

Both the PRF and UF resins plots deviated from a straight line below about 0.05 Hz. These 

resins exhibited zero shear viscosity at low frequencies and were analyzed between 0.02 and 

100 Hz using the Carreau-Yasuda model [305] which accounts for relaxation and transition 

times from Newtonian to non-Newtonian behavior as seen in equation below 

                                    𝜂∗ =  𝜂∞ + (𝜂0 − 𝜂∞ )(1 +  𝜆2𝛾2)
𝑚−1

2                            (Equation 3.4) 

where, η* is the neat resin complex viscosity, ηꝏ is viscosity at infinite shear rate, η0 the 

zero-shear viscosity, λ is the time constant, m is the power and γ is the shear rate. For PRF 

resin the model parameters were ηꝏ = 262 Pa.s, η0= 11,000 Pa.s,  λ = 8.3s, and m = 0.244. 

For UF resin the model parameters were ηꝏ = 9.85 Pa.s, η0= 726 Pa.s,  λ = 13.9 s, and m = 

0.200. Both UF and PRF resins had a model goodness of fit (R2) > 0.98. Fluids with m values 

approaching 0 have low shear thinning behavior while m values approaching unity have high 

shear thinning behavior [306].  

The addition of wood fibers to the resins increased their η* (Figure 3.2a and 3.2b). The 

rheological data (η*) were quantitatively analyzed by fitting to a modified Power–law model 

by exchanging the steady shear terms with dynamic viscosity terms in Equation 3.5. 

|𝜂∗ (ω)| = K(ω)𝑛−1                                      (Equation 3.5) 

Where, n is the non-Newtonian or flow behavior, and index K is the consistency coefficient. 

The results (η* at 1 Hz, K, n and R2) for the power law models for the wood-resin blends are 

given in Table 3.1. Power law models for PRF and UF resins gave poor goodness of fit 
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values (R2 ~ 0.53-0.55) as compared to the Carreau-Yasuda model (R2 >0.98). The wood-

resin formulations gave better η* versus frequency plots resulting in R2 values >0.9 for the 

power-law models. For successful extrusion of the wood-resin blends, a good shear thinning 

component n is required. Studies have shown that liquids with low n have greater shear 

thinning behavior and may back flow during AM [307] [303]. Wood-PRF blends have higher 

n values than wood-UF blends at the same wood content. The K values for the wood-PRF 

blends were comparable and the η* (at 1 Hz) decreased with wood content. From a previous 

study, the η* increased with wood fiber content and the molecular mobility and bond strength 

reduced which in turn increased the force exerted to extrude the material [308].  

Table 3.1: Complex viscosity (η*) of the PRF and UF resins and wood-resin blends at 1 Hz, 

30 °C, and power law fitted model parameters K and n as well as goodness of fit (R2). 

a Values in parentheses are from the Carreau-Yasuda model 

Resin  η* at 1Hz  

(kPa.s) 

K  

(kPa.s) 

n R2 values 

PRF blends  

100% PRF 2.5 (2.4)a 2.1 0.456 0.530 (0.983) a 

50% PRF 350 327 0.880 0.902 

40% PRF 321 303 0.882 0.950 

30% PRF 256 244 0.920 0.971 

20% PRF 177 174 0.931 0.991 

10% PRF 159 150 0.923 0.997 

UF blends 

100% UF 0.1 (0.09) a 0.09 0.538 0.554 (0.988) a   

50% UF 155 149 0.804 0.967 

40% UF 278 240 0.813 0.943 

30% UF 244 227 0.867 0.959 

20% UF 273 252 0.889 0.966 

10% UF 243 224 0.890 0.967 
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To determine the extrudability of the wood-resin blends, a 50:50 wood-resin ratio was 

selected. The wood-PRF blended sample was successfully extruded into a rod (Figure 3.3a) 

with little die swell observed and this shows that this formulation shows promise for AM. In 

contrast, the wood-UF blend, was not successfully extruded. For the 50:50 wood-UF mix the 

UF resin was shown to squeeze out from the end of the die (Figure 3.3b) and the wood fiber 

being compacted and accumulated at the end of the screw (Figure 3.3c) and thus blocked the 

die. The wood-UF (60:40) mix was also tried to increase its viscosity comparable to PRF-

wood (50:50) (Figure 3.4) but extrusion was not successful. Contributing factors to its poor 

performance could be due to the UF resin low viscosity relative to PRF (Table 3.1). This 

shows that the rheology of the wood-resin mix (e.g., resin type, wood-resin ratio) is 

important for obtaining an extrudable formulation. To validate this, the dynamic rheology η* 

curves for 50% PRF, UF and an already studied geo-based resin (sodium silicate) [287] were 

compared (Figure 3.4). The η*for 50% UF was decreased by 56% and 80% in comparison to 

50% PRF and 50% sodium silicate, respectively, showing the effect of rheology η* on the 

extrusion.  

This study compared cold and hot-setting resins for their suitability in AM of wood 

composites. The PRF and UF resin η* vs. temperature (curing) curves are shown respectively 

in Figures 3.2c and 3.2d. The moduli curves (G′ and G″) of the resins exhibited similar 

temperature characteristics to η* (Appendix Figure A3.2). The G′ curves show the elastic 

(solid-state) behavior and the G″ curves show the viscous (liquid state) behavior of the resins.  

For the PRF resin, a cold setting resin, an initial increase in η* was observed from 30 

°C to 37 °C followed by softening and a decrease of η* from 37 °C to 42 °C. The rapid 

increase in η* showed gelation and onset of curing/crosslinking of the resin from 42 to 53 °C 

which is consistent with a cold setting resin. A plateaued region for η* was observed from 53 

°C to 200 °C for PRF showing a constant stiffness and vitrification of the resin. The 

crossover points of G′ and G″ was seen at 38 °C showing this resin gel point (Appendix 

Figure A3.2). A slight decrease in modulus and η* was observed for the PRF resin from 100 

°C to 112 °C due to the removal of water. With the addition of 50% wood to PRF resulted in 

an increase in η* of >100% at 30 °C due to the reinforcing nature of the fiber on the matrix. 

Onset curing temperature also increased with the addition of wood to PRF and a higher η* 

was observed with 50% wood and this reduced with wood content. 
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The tan δ peak height was used to help understand the cure of the neat resins and 

wood-resin blends (Figure 3.2e and 3.2f). For neat PRF, a maximum tan δ peak (0.12) was 

observed at 63 °C which shows its transition from a gel to a vitrified state. For the wood-PRF 

blends, tan δ values shifted slightly to higher temperatures, to 65 °C - 72 °C, due to the 

presence of wood fibers. The tan δ peak values initially reduced with wood content from 30 

°C to 50 °C. The tan δ peak values generally increased with an increase in wood content (50, 

60, 70, 80 and 90%) for wood-PRF blends were 0.34, 0.39, 0.41, 0.48 and 0.26, respectively. 

High mobility of polymer chains has been stated to increase tan δ values due to the strong 

resin water-polymer interactions. Good extrudability is also promoted by high tan δ values as 

seen with values from 50% to 80% PRF content [309] [310].  

For UF resin (Figure 3.2d), the η* decreased from 37 °C to 86 °C, then gelation 

occurred from 86 °C to 157 °C due to cross-linking consistent with a hot setting resin. 

Continued cross-linking resulted in vitrification of the UF resin from 157 °C to 200 °C. A 

similar curing trend was observed with MUF with gelation starting at 92 °C and a stable 

plateau observed above 159 °C [311]. Two crossover points for the G′ and G″ were observed 

for the neat UF resin at 51°C and 124°C, respectively (Figure A3.2). The later crossover 

point was associated with gelation. The addition of wood fibers to UF resin dramatically 

increased η* by 2 orders of magnitude (102 times) at 30 °C (Figure 3.2d, Table 3.1). The η* 

increased from 50 to 70% wood content. At the 80% and 90% wood contents a slight 

reduction in η*was observed due to the low resin content and possible slippage between 

wood fibers with little or no resin coverage [312] [313]. 
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Figure 3.2: Rheological plots of (a) η* versus frequency for PRF resin and wood-resin PRF 

blends at 30°C, (b) η* versus frequency for UF resin and wood-UF blends at 30°C, (c) η* 

versus temperature for PRF resin and wood-PRF blends, (d) η* versus temperature for UF 

resin and wood-UF blends, (e) tan δ versus temperature for PRF resin and wood-PRF blends, 

and (f) tan δ versus temperature for UF resin and wood-UF blends 
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Figure 3.3: Photographs of (a) successful wood-PRF (50:50) extrusion, (b) unsuccessful 

extrusion of wood-UF (50:50) mixture showing resin squeeze out at the end of the die, and 

(c) unsuccessful extrusion of wood-UF (50:50) mixture showing compaction and 

accumulation of wood fiber at the end of the screw. 

For neat UF resin, tan δ reached a maximum around 67oC when the resin started to 

cross link and gel. Also, tan δ values were variable between 70 and 125oC. This is typical of 

material which continually flows as temperature increases and with high mobility of UF 

chains [309]. The addition of wood to the UF resin reduced the tan δ value relative to UF 

resin. Tan δ values decreased from 0.55 to 0.38 with wood content from 50 to 90% (Figure 

3.2f). Tg values were observed between 50 and 130 °C and were higher than the wood-PRF 

blends. Materials having low tan δ values (~ 0) show more elastic behavior while tan δ 

values close to unity have more viscous behavior [314]. Low tan δ values result in materials 

with lower damping, modulus, energy absorption and energy dispersal properties as seen for 

the 90% wood-UF resin [315].  

 

Figure 3.4: Frequency sweep dynamic η* for comparable blends extrusion 
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To understand the curing behavior of the resin and wood-resin blends, DSC was used, 

and non-reversible heat flow curves obtained (Figure 3.5). DSC thermograms showing an 

extended temperature range is shown in Figure S3. Kissinger and conversion plots were 

produced (Figure 3.6) and reaction kinetics determined by calculating their activation energy 

(Ea) and reaction enthalpies (ΔH) from the plots (Eq. 3.1 and 3.2) and data given in Table 3.2. 

Moisture content of 18% and 33% were recorded after freeze drying the PRF and UF resins 

respectively. A single exothermic peak was observed for the curing of both PRF and UF 

resins and the exothermic peak temperature increased with heating rate, and conversely the 

enthalpy reduced with heating rate. The PRF exothermic peak temperature increased from 93 

°C to 123 °C changing the heating rate from 5 to 20 °C/min which was in the range to those 

reported in a previous study for two PRF resins (93 and 99 °C at 10 °C/min) [276]. 

For the UF resin, the exothermic peaks were close, 141-142 °C, for all four heating 

rates. ΔH which correspond to the amount of released during a curing reaction was higher for 

UF than that of PRF resin at comparable heating rates. Curing peak temperatures from 95 to 

102 °C were recorded in a previous study for three different freeze-dried UF resins 

containing melamine at 10 °C/min [316]. These values were slightly lower than the observed 

values in this study.  

The addition of wood to the resin generally reduced the exothermic curing peak 

temperature for both resins (Figure 3.4). This led to the reduction in ΔH (Table 3.2) with an 

increase in wood content due to the restricted mobility of the resin in the wood fiber network 

[317]. The reduction in the exothermic peak also reduced the resin curing rate [318]. For 

example, for wood-PRF (50:50) the ΔH was 19 J/g and reduced to 2 J/g at 90:10 wood-PRF 

and a similar trend was observed for wood-UF blends. The curing of the resins in the 

composite might be influenced by the presence of wood fibers which decreases mobility of 

the resin molecules and reduces reactive groups [317] [178]. Acidic wood (low pH) is also 

known to catalyze the cure of UF resins [317]. Furthermore, the reduction in ΔH could be 

attributed to the reduced resin content relative to wood content [319]. Onsets and end set 

curing temperatures (Tonset and Tendset) for each sample increased with increasing heating rate 

due to the large temperature gradient within the sample which caused differences in bulk and 

surface temperature resulting in a thermal lag effect. This increasing reaction rate caused a 

reduced degree of conversion since the samples did not have time to react [291] [320]. 
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The DSC peak curing temperatures (at 5 °C/min) were higher than those obtained by 

rheology (at 2 °C/min) tan δ peaks for all samples and this is a kinetic effect of the different 

heating rates. There might also be an effect of freeze drying the resin prior to DSC analysis 

as compared to rheological tests that were performed on liquid samples and this phenomenon 

has also been observed in a previous study [321]  

The Ea can be used as a reference to monitor the curing behavior of resins. Ea was 

calculated from the plots of -ln(β/Tp
2) versus 1/Tp

2 (Figure 3.5a and 3.5b). The calculated Ea 

for the PRF and UF resins were 51 kJ/mol and 367 kJ/mol respectively (Table 3.2). Curing 

for phenolic resins have been studied to occur under basic conditions which results in a lower 

Ea [322]. In the presence of resorcinol, more alkaline pH is obtained which accelerates 

crosslinking and reduces the Ea [277].  For UF, an increase in Ea has been possibly accredited 

to the lower pH of the resins [322]. UF resin curing is known to be promoted in acidic 

conditions and at elevated temperatures [317] [318]. A high Ea of 287 kJ/mol for liquid UF 

resin has also been previously reported [323]. The value of Ea for the UF used in this study 

was high probably due to the freeze drying of the sample which increased the restricted 

mobility of the resin molecules in the blend since water plays a major role in the curing 

process [316] [321]. The plots of -ln(β/Tp
2) versus 1/Tp

2 had R2 coefficients of 0.882 for PRF 

and 0.306 for UF and pre-exponential factor (A) of 3.6 x 106 for PRF and 4.3 x 1046 for UF 

were determined. A high A value, according to the collision theory, is due to a large reaction 

resulting from the total number of successful collisions. This in turn means that a resin with a 

high A value will require a high temperature to cure completely [324] [325]. There were very 

similar linear relationship slope values obtained from the Kissinger and Crane plots showing 

an accurate relationship between theoretical and experimental data [326]. The calculated n 

values were 0.900 and 0.982 for PRF and UF, respectively. 
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Figure 3.5: MDSC thermograms showing non-reversible heat flow curves for (a) neat PRF 

and wood-PRF blends and (b) neat UF and wood-UF blends at four different heating rates. 

The curing reaction of both the PRF and UF resins in the presence of wood fibers 

were examined by DSC and data generated was used to determine the Ea [322]. The 

calculated Ea (using Eq. 3.1 and 3.2) and corresponding R2 (>0.82 for wood-PRF and >0.96 

for wood-UF) values are given in Table 2. For the wood-PRF blends the Ea values were from 

73 kJ/mol (50% wood) to 218 kJ/mol (90% wood). Ea values generally increased with wood 

content. [322] recorded Ea values for phenolic resin between 65 to 89 kJ/mol which increased 

with softwood content from 20 to 50%. Due to the acidic pH of the wood extract (4.85) and 

basic conditions of PRF (10.2), a lower pH is likely to occur which gives a high Ea. With 

reduced pH values of a PF resin, an increase in Ea in comparison to a more basic PF resin 

was observed in a study of the curing kinetics of PF resin in the presence of wood [322]. The 

pre-exponential factor A was seen to increase with the addition of wood for wood-PRF 
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blends. This increase in A may be due to the number of active sites in wood and collisions for 

the system with respect to the collision theory [325]. 

The Ea for the wood-UF blends ranged from 108 kJ/mol (50% wood) to 115 kJ/mol 

(90% wood). The values of Ea for the wood-UF blends were low in comparison to the neat 

UF. This is probably due to the restricted mobility of the resin molecules in the presence of 

wood [316]. Studies have also observed the reduction in Ea for melamine-UF resin in the 

presence of high surface area aluminum silicate nano clays [327]. This was attributed to low 

diffusion of the urea which caused the nanoparticles to reduce the curing behavior of the 

melamine crosslinks. The presence of acidic wood will catalyze the UF curing reaction and 

decrease the Ea [328] [329]. A decrease in A was observed for wood-UF blends with wood 

content. The high values of n (0.920-0.978) for both wood-resin blends suggests a more 

complex reaction is occurring in these systems [291]. Analysis methods with multiple 

heating rates, like Kissinger, have proven to be a reliable method (good R2 values) to monitor 

cure [330].  

The conversion (α) plots were generated using the TA universal analysis software 

which gives the running integral of the DSC exothermic peak and shows the polymer 

conversion and composition with increase in temperature [287]. Reaction α plots were 

prepared for both wood-resin blends from MDSC data at 10 °C/min (Figure 3.6c and 3.6d). It 

was noted that at higher wood content for the blends, a lower temperature is required to attain 

the same degree of α. The α degree for wood-PRF blends were at a lower temperature (due to 

being a cold setting resin) than the corresponding wood-UF blends [277]. In addition, for a 

wood-resin blend the higher the wood content the lower the conversion temperature. In other 

words, an increase in wood content, less time and temperature are needed for curing [291].  

The plots of Ea versus α are shown in Figure 3.6e and 3.6f. The curing of PRF resin is 

mostly considered complicated since the addition and condensation reactions occur 

simultaneously. With the addition of wood, the reactions get more complicated with the 

reaction occurring with the wood in the matrix [331]. With this complexity, understanding 

the relationship between the Ea and α is necessary. Ea values were generally constant for neat 

PRF, 50%, 30% and 20% PRF in wood blends. For the neat PRF, Ea started at 45 kJ/mol and 

slowly reduced. With the addition of 60% wood, the dependence of Ea on α was changed 

with high Ea observed at the beginning of the reaction. The Ea was higher for 90 % wood 
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content because in the presence of high levels of acidic wood, the crosslinking and chemical 

molecular movements will be hindered causing an increase in Ea [327].  

For the wood-UF blends, Ea gradually increased with α for neat UF and 50, 40, 30, 

and 10% UF in wood blends, except for 20% UF blends. The wood-UF (50:50) blend 

showed a large increase in Ea from ~100 kJ/mol at α = 0.1 to ~330 kJ/mol at α = 0.9 probably 

due to the presence of wood. Resin mass also decreased with increasing wood fiber content 

leading to faster curing in comparison to composites with 50 % wood content [291]. In the 

presence of a high molecular weight resin, mobility of the molecules reduces proceeding with 

a diffusion controlled reaction which increases Ea as a result of diffusion hindrance [316].  

These results clearly show that the curing behavior of the wood-resin formulations 

will be critical to ensure complete cure after processing, such as post extrusion. 
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Figure 3.6: Plot of -ln(β/Tp
2) versus 1/Tp

2 for a) wood-PRF blends and b) wood-UF blends; 

Conversion (α) plots versus temperature for (c) wood-PRF blends and (d) wood-UF blends at 

10 °C/min; and activation energy (Ea) versus conversion (α) for (e) wood-PRF blends and (f) 

wood-UF blends 

Table 3.2: Kinetic parameters for neat resin and wood-resin blends calculated using 

Kissinger’s and Cranes model from DSC data 

Resin   β (°C 

/min) 

 Tp (°C)  ΔH (J/g)  Ea 

(kJ/mol

) 

A (1/s) n R2  

 PRF blends  

PRF 5 96 (±3.2) 27 (±13) 51 3.6 x 106 0.8895 0.8895 

10 117 (±1.9) 43 (±8.0) 

15 119 (±1.5) 35 (±18) 

20 123 (±6.4) 27 (±2.9) 

50% PRF 5 100 (±7.0) 17 (±5.6) 73 6.0 x 109 0.9198 0.9669 

10 107 (±2.9) 19 (±5.1) 

15 114 (±7.9) 28 (±11) 

20 121 (±1.5) 50 (±10) 

40% PRF 5 94 (±6.7) 23 (±6.5) 223 6.2 x 1031 0.9732 0.9867 

10 98 (±6.5) 11 (±2.3) 

15 100 (±7.7) 32 (±9.4) 

20 101 (±8.0) 15 (±9.9) 



67 

 

 

30% PRF 5 90 (±8.1) 12 (±4.4) 260 4.4 x 1037 0.9772 0.8238 

10 91 (±9.8) 6 (±5.3) 

15 92 (±11) 10 (±4.8) 

20 95 (±8.0) 34 (±33) 

20% PRF 5 86 (±17) 7 (±6.4) 271 3.5 x 1039 0.9783 0.9874 

10 88 (±6.5) 3 (±1.4) 

15 89 (±0.2) 9 (±1.4) 

20 91 (±8.6) 4 (±1.0) 

10% PRF 5 83 (±9.3) 2 (±0.7) 218 8.6 x 1031 0.9734 0.9879 

10 86 (±4.3) 2 (±0.8) 

15 88 (±8.9) 4 (±0.4) 

20 90 (±2.7) 3 (±0.2) 

 UF blends 

100% UF 5 141 (±3.0) 75 (±17) 367 4.3 x 1046 0.9815 0.3056 

10 143 (±0.8) 68 (±20) 

15 144 (±3.1) 52 (±34) 

20 142 (±4.5) 65 (±26) 

50% UF 5 122 (±2.3) 81 (±11) 108 7.4 x 1013 0.9414 0.994 

10 129 (±5.0) 33 (±13) 

15 135 (±3.2) 59 (±21) 

20 137 (±6.6) 36 (±8.8) 

40% UF 5 112 (±9.7) 27 (±14) 105 7.5 x 1013 0.9415 0.9666 

10 123 (±6.7) 24 (±11) 

15 125 (±3.8) 29 (±5.2) 

20 129 (±8.6) 23 (±6.0) 

30% UF 5 100 (±1.4) 33 (±7.3) 100 4.4 x 1013 0.9407 0.9607 

10 110 (±6.6) 23 (±3.7) 

15 113 (±12) 12 (±1.6) 

20 115 (±5.2) 15 (±5.5) 

Table 3.2 cont’d 
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20% UF 5 95 (±12) 14 (±6.0) 108 1.1 x 1015 0.9454 0.9944 

10 99 (±3.1) 7.2 (±1.8) 

15 106 (±7.1) 19 (±4.3) 

20 109 (±0.3) 9.0 (±8.1) 

10% UF 5 90 (±8.6) 10 (±2.6) 115 2.1 x 1016 0.9494 0.9590 

10 94 (±5.1) 2 (±0.4) 

15 101 (±7.9) 8 (±4.2) 

20 102 (±2.9) 5 (±2.0) 

Note: Standard deviation in parentheses. 

3.4.4 Mechanical properties of cured composites 

The various wood-resin formulations were blended, and compression molded into 

composites to see the effect of resin type and wood content on mechanical properties. The 

bending properties and densities of these composites are given in Table 3.3. The density of 

the wood fibers was 1430 kg/m3. Average density of the cured PRF and UF resins (at 105°C) 

were 1241 kg/m3 and 1486 kg/m3, respectively. The calculated average densities for the 

wood-PRF composites were between 769 to 1067 kg/m3 and for wood-UF composites 

between 865 and 1059 kg/m3. For wood-PRF composites, as resin content increased, the 

density of the cured composites increased as seen by [332]. The wood-UF composites the 

density increased from 878 to 1059 kg/m3 with an increase in UF resin content of 10 to 30% 

and then decreased to 865 kg/m3 at 50% UF resin content. 

 For the wood-PRF composites the flexural modulus (FM) was shown to decrease with 

wood fiber content (Table 3.3). For example, the wood-PRF (50% wood) composite had an 

FM of 3.5 GPa and decreased to 1.5 GPa at 90% wood. In addition, the flexural strength (FS) 

for these composites also decreased with wood content from 53.7 (50% wood) to 9.8 MPa 

(90% wood). Studies have found that with the increased replacement of PF resins with 

lignocellulosic components, strength properties reduced [333] [334].The flexural properties 

of these composites were related to its density. Studies on particleboard have shown that their 

mechanical properties were positively related to its density [332] [335]. With an increase in 

Table 3.2 cont’d 
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density, PRF resin content, improved mechanical interlocking between wood fiber and resin 

occurs and thus better mechanical properties [336].  

The wood-UF (50:50) composite had the lowest performance (FM of 1 GPa and FS of 

6.8 MPa) of all the UF composites. This was attributed to the resin squeeze out during 

pressing, also observed during extrusion, and clearly shows that there was an excess of resin 

relative to fiber content thus the brittle nature of the UF resin dominated its behavior [337] 

[338]. With an increase of wood content from 50% to 60% the FM and FS increased by over 

100% showing the effect of saturated wood-resin wettability in the matrix. FM values for 

10% UF composites were similar to values observed by Maraghi et al., (2018) for 

particleboard with a similar density (750 kg/m3). 

 FM and FS values for wood-PRF composites were higher than the wood-UF 

composites [336]. This is due to PRF resins being stronger and used for structural wood 

composite applications than UF resins which are used for non-structural applications. In 

contrast, particleboard made with UF resin has also shown to have higher FM than PF resin 

[339].  

Table 3.3: Mechanical properties of cured wood resin composites 

Composite 

resin content (%)   

Density (kg/m3) Flexural Modulus 

(GPa) 

Flexural Stress 

(MPa) 

PRF blends  

50% PRF 1067 (±35)a 3.5 (±0.4)a 43.7 (±3.2)a 

40% PRF 1047 (±17)a 2.8 (±0.5)b 41.3 (±4.6)a 

30% PRF 978 (±31)a 2.5 (±0.4)b 27.4 (±6.7)b 

20% PRF 896 (±21)b 1.9 (±0.2)c 19.7 (±1.8)b 

10% PRF 769 (±13)b 1.5 (±0.3)c 9.8 (±3.0)c 

UF blends 

50% UF 878 (±19)a 1.0 (±0.1)a 6.8 (±0.4)a 

40% UF 962 (±14)a 2.9 (±0.1)b 18.9 (±1.1)b 

30% UF 1059 (±11)b 2.6 (±0.6)b 16.8 (±2.7)b 

20% UF 967 (±28)a 2.1 (±0.2)b 18.7 (±3.5)b 

10% UF 865 (±48)a 1.4 (±0.1)a 13.0 (±1.7)c 

Note: Standard deviation in parentheses. Each sample property with different superscript 

letters (a, b, c) are statistically different (p < 0.05) using the ANOVA test. 
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The ANOVA results show a statistically significant difference in the density of the 

blends containing 80 and 90% wood content in PRF blends. This difference was also 

observed for the FM of wood-PRF blend (50:50) showing a significant effect of wood 

content in the blend in comparison to other compositions. The FS of wood-PRF at 70 and 

80% wood content were not significant. The Densities of wood-UF blends were not 

significantly different except for the 70% wood content blend, and this also affected the FM 

values for most blends. The FS for wood-UF blend and 50 and 90% wood contents were 

significantly different (p < 0.05) than the other blends.  

TMA was used to determine the softening temperature (Ts) of the cured resin (Figure 

3.7a). The Ts for cured PRF and UF were respectively at 222 °C and 209 °C. Generally, Ts is 

correlated to the glass transition temperature (Tg) [340]. Furthermore, a higher Tg is 

associated with an improved performance of a thermoset material. The high Tg for PRF also 

was reflected in its wood composites bending properties than the wood-UF composites [341].   

DMA was performed to determine the viscoelastic properties of the cured resin (tan 

δ) and wood composites (storage modulus (E′) and tan δ) (Figure 3.7). The cured PRF and 

UF resin had tan δ maxima at 172 °C (0.3) and 123 °C (0.32), respectively (Figure 3.7b) and 

were assigned to their Tg. These Tg values were considerably lower than the Ts values 

determined by TMA. Tan δ plays a major role is showing the energy dissipation of a material 

after deformation load has been applied to it [342]. An increased tan δ value shows a 

restricted flow of materials, more energy dissipation and reduced storage modulus [312]. In 

comparison, a lower Tg peak at 160 °C was observed for pure PF resin in the study of the 

curing and thermal properties of tannin-PF resins [343]. A similar Tg has also been recorded 

for pure UF resin at 122 °C [344]. 

E′ values from DMA for the cured composites are seen in Figure 7c and 7d. 

Generally, E′ reduced with increase in temperature because of chain softening of the resin 

structures [345]. For the PRF composites, E′ was observed to decrease with an increase in 

wood content at lower temperatures (up to 40°C). These results were comparable to the 

bending properties obtained. 50% PRF composites showed a higher E′ due to a higher 

stiffness and rigidity of the chains and increased energy stored in the material [346]. The E′ 

onset was observed from 160 °C for 50% PRF and 180 °C for 10% PRF signifying the 

transition and phase change of the resin chain networks in the matrix [347]. The E’ onset 
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which can is related to the thermal softening temperature of the composite before Tg peak 

was observed to increase with increasing wood content showing the start of chain network 

changes. At high temperature of 250 °C, the high E′ for the 50% PRF composites shows the 

stronger interaction of the PRF and resin in the matrix [348].  

For the UF composites, E′ vs. temperature plots for the 50% wood content were 

lowest in comparison to higher wood content composites (>60%). An excess UF resin 

content has been studied to reduce the properties of particleboards making them more brittle 

[338]. With an increase in wood content, E′ onset shifts to higher temperature showing the 

effect of wood fillers in aiding stress distribution within the matrix [349].  

The wood composites for both resins had a similar increase in tan δ with the addition 

of wood. Two major transitions were seen for the cured wood-resin blends with an increase 

in temperature. The first transition was seen between 40 °C and 140 °C which maybe 

attributable to a β transitions due to the movement and vibrations of side group chains [350]. 

The second transition between 140 °C and 250 °C known as the α transitions or Tg occurs as 

a result of the movement of the main structural chains [350] [351]. Movement of polymer 

chains were reduced with wood content and short resin crosslinks were formed yielding an 

increased dampening effect [352]. These transitions occur at slightly higher temperatures and 

lower tan δ values for wood-PRF cured blends showing better strength, stability and 

crosslinking of the matrix which correlates with the flexural properties [350]. Wood 

degradation was shown to occur >250 °C for the wood-resin composites showing the 

probable breakdown of wood polymeric constituents [353].  



72 

 

  

 

Figure 3.7: (a) TMA thermograms of cured PRF and UF resins, (b) DMA thermograms of 

tan δ of cured PRF and UF resins, (c) DMA thermograms of E′ of wood-PRF composites and 

(d) DMA thermograms of E′ of wood-UF composites, (e) DMA thermograms of tan δ of 

wood-PRF composites and (f) DMA thermograms of tan δ of wood-UF composites 

FTIR spectroscopy was employed to observe the chemical changes that occur in the 

resin and composite before and after curing. The FTIR spectra for the liquid resin samples 

and cured wood-resin composites are shown in Figure 3.8a and 3.8b, respectively. The 

primary bands for liquid PRF were at 3327 cm-1 showing O-H stretching of hydroxyls, CH2 
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and CH3 at 2945 cm-1,  the aromatic vibrations of C=C at 1594 cm-1 and 1455 cm-1, 

asymmetric stretch of C-O-C at 1235 cm-1, ether links -C–O–C groups at 1081 cm-1
, C-O 

deformation of the hydroxymethyl group at 1035 cm-1, and 755 cm-1 due to C-H bond 

vibrations in the benzene rings [354] [355]. For the cured wood-PRF composites 

characteristic resin bands were observed as well as those from wood. The hydroxyl groups 

band (~3327 cm-1) reduced slightly and the band intensity of the methylene and methyl 

groups between 2850 cm-1 and 2961 cm-1 increased due to removal of water during 

composite curing and the presence of wood, respectively. Changes were also observed in the 

aromatic vibrations at 1593 cm-1 with the different wood contents and C-O-C stretching band 

between 1256 cm-1 and 1265 cm-1. The C-H bond stretching also reduced with the increase in 

wood content between 790 cm-1 to 820 cm-1, while the cellulose C–O–C band associated with 

glycosidic bonds between 900 and 1220 cm-1 increased with an increase in wood in the cured 

composite showing the interaction between PRF and wood [356]. 

For the liquid UF spectrum, a strong band at 3324 cm-1 shows the hydrogen bonded 

NH- stretching and O-H stretching. A symmetric C-H stretching of -CH2OH, and the -CH2- 

of an ether was observed in a low intensity band at 2971 cm-1. The stretching of primary 

amide (I) and the C=O functional groups were seen in the band at 1622 cm-1. C–N and 

secondary amine stretching bands were observed between 1498 and 1584 cm-1. Weak C–H 

absorption bands were seen between 1350 and 1480 cm-1. Deformation (-OH) in the -CH2OH 

was observed in the band at 1251 cm-1. Stretching band vibration between 1139 and 1200 cm-

1 was assigned to the –N–CH2–N– group and C–O asymmetric stretching band was centered 

at 1001 cm-1 [357] [358]. For the cured wood-UF composites, the O-H stretching band 

decreased in intensity leaving a visible N-H stretching band. C-H stretching bands of 

methylene groups were seen between 2850 cm-1and 2930 cm-1.  
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Figure 3.8: FTIR spectra of (a) liquid PRF and cured wood PRF blends and (b) liquid UF 

and cured wood UF blends 

Lignin associated aromatic stretching and aromatic ring vibrations were observed 1600-1650 

cm-1 and 1509 cm-1, respectively. Carboxylic acid stretching vibrations were observed at 

1451 cm-1 and C-H vibrations at 1378 cm-1. Additional bands were observed for lignin 

between 1240 and 1300 cm-1 and cellulose between 900 to 1100 cm-1 [356] [359]. These 

cellulosic bands between 900 and 1100 cm-1 also show the interaction between the UF resin 

and wood and were intensified with the addition of more wood fibers.  

3.4.5 Thermal and dimensional stability of cured blends 

 The thermal stability/degradation behavior of the cured wood-resin composites were 

deteremined by TGA and differential thermogravimeric (DTG) analysis (Figure 3.9 and 

Table 3.4). The major onset degradation temperature (Tonset) for the wood-PRF/UF 

composites increased with wood content. The Tonset ranged between 272-293 oC for wood-

PRF composites and 266-294oC for the wood-UF composites and is suspected to be 

attributable to wood degradation. Also the residual weight (at 900 °C) for the wood-PRF 
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composites reduced from 37 to 24% with an increase in wood content from 50 to 90% 

(Figure 3.9a). However, no major variations for residual weight (19-22%) were observed for 

the wood-UF composites with wood content (Figure 3.9b). Composites with low resin 

content (10%) had the lowest residue content. Studies have shown that an increase in filler 

load reduces the overall thermal stability of cured composites [360]. Although the amount of 

residuals reduced with increased wood filler content, onset degradation temperatures for 

wood composites with high wood content were more thermally stable than those with low 

wood content [267] .  

 The DTG thermograms were use to determine the major decomposition transition(s)  

for the wood-resin composites (Figure 3.9 and Table 3.4). The first DTG peak centered 

around 60 °C was attributed to water loss and/or formaldehyde loss [361]. The wood-PRF 

composites showed a minor DTG peaks centered around 225 °C and a major DTG peak 

centered around 336-356°C. The major DTG peak temperatures for wood-PRF composites 

increased from 336 to 356 °C with an increase in wood content from 50 to 90%. This major 

DTG peak was attributed to degradation of both cellulosic and phenolic resin components 

[336]. Wood-PRF blends showed more thermal stability with higher residue content than the 

wood-UF blends due to better cross-linking density and stable bonds [362] [336]. 

The wood-UF composites showed a minor DTG peak around 60 °C (water loss) and 

two major DTG peaks around 190-340 °C and 340-430 °C (Figure 3.9). The first major DTG 

peaks decreased with a decrease in resin content and therefore was assigned to resin 

decomposition [363]. While, the second major DTG peak increased with wood content 

supporting its association with wood degradation [364].  



77 

 

     

Figure 3.9: Thermogravimetric analysis thermograms of (a) wood-PRF composites and (b) 

wood-UF composites 

Table 3.4: Thermogravimetric data for wood-PRF and wood-UF composites 

Composite Resin 

content  

Major onset Tonset 

(°C) 

DTG Peak maxima (°C) Residual at 

900oC (%) 

PRF blends  

50% PRF 272 (±7.8) 336 (±1.6) 37 (±2.0) 

40% PRF 274 (±5.6) 339 (±3.4) 34 (±1.2) 

30% PRF 274 (±0.7) 339 (±1.1) 30 (±0.4) 

20% PRF 287 (±13.6) 346 (±0.5) 27 (±2.0) 

10% PRF 293 (±4.2) 356 (±0.5) 24 (±0.9) 

UF blends 

50% UF 266 (±0.1) 321 (±0.9), 375 (±1.2) 20 (±2.4) 

40% UF 268 (±4.4) 322 (±2.4), 376 (±0.8) 22 (±0.7) 

30% UF 270 (±0.8) 325 (±1.6), 380 (±2.5) 22 (±1.3) 
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Note: Standard deviation in parentheses. 

Another key composite property is its dimensional stability (water absorption (WA) 

and thick swell (TS)). The wood composites were exposed to a 24 h water soak test and the 

results are given in Table 3.4. For the wood-PF composites, the WA was shown to increase 

from 24 to 88% with wood content from 50 to 90%. These increased WA values was 

influenced by their density (Table 3.3) and wood content (a porous material) which led to 

higher porosity of the cured composites [365]. Samples with higher resin and density had a 

better packed structure with less voids and thus reduced the permeability of water [336]. 

Also, the TS (11-28%) of the wood-PRF composites generally increased with fiber content. 

For the wood-UF composites WA ranged from 29% (70% wood) to 62% (90% wood). The 

TS of the wood-UF composites ranged from 8.7 to 19% and generally increased with fiber 

content. Wood-PRF with a high percentage of resin showed lower absorption in comparison 

to wood-UF blends. UF resin has been studied to be more susceptible to moisture especially 

when exposed to high temperatures and thus used for interior uses [366]. [298] had shown 

that particleboard made from melamine modified UF with more acidic resins yielded low TS 

boards. The penetration of thermosets into wood fibers in particleboards stabilizes its 

structure by creating less voids which reduces the moisture absorbed and prolongs its shelf 

life over a long period of time [367].  ANOVA analysis showed a significant effect of wood 

content on the WA of the composites with samples having 90% wood fiber having the lowest 

p values. TS for the wood-UF composites were mostly not significantly different in 

comparison to the wood-PRF composites showing a low effect of wood composition on the 

TS properties.  

 

 

 

20% UF 277 (±1.7) 330 (±5.9), 383 (±1.0) 21 (±1.0) 

10% UF 294 (±1.3) 382 (±1.6) 19 (±0.9) 

Table 3.4 cont’d 
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Table 3.5: Water absorption (WA) and thickness swell (TS) values for the wood-PRF and 

wood-UF composites after a 24 h water soak test 

Resin  WA (%) after 24 

hours  

Thickness swell (%) 

after 24 hours  

PRF blends  

50% PRF 23.9 (±6.8)a 13.5 (±2.0)a 

40% PRF 25.2 (±3.6)a 10.9 (±2.0)b 

30% PRF 32.0 (±8.3)b 14.8 (±0.9)a 

20% PRF 54.9 (±6.3)c 21.4 (±1.1)c 

10% PRF 87.5 (±8.7)d 28.2 (±1.8)c 

UF blends 

50% UF 49.4 (±7.5)a 8.7 (±0.7)a 

40% UF 36.1 (±1.6)b 10.4 (±2.0)a 

30% UF 28.8 (±2.3)c 15.8 (±4.9)b 

20% UF 30.1 (±3.7)c 12.2 (±2.2)a 

10% UF 62.3 (±7.5)d 19.3 (±0.3)b 

Note: Standard deviation in parentheses. Each sample property with different superscript 

letters (a, b, c) are statistically different (p < 0.05) using the ANOVA test. 

3.5 Conclusions 

Composites were successfully prepared from wood fiber (50 to 90%) and PRF and 

UF resins. Rheological results for the blended wood-resin mixture showed shear thinning 

behaviors which are an essential property for material extrusion. The wood-PRF (50:50) 

blend was successfully extruded, based on its rheological properties, and shows promise for 

additive manufacturing applications. However, the wood-UF blends were not extrudable due 

to its low viscosity and water content. The curing characteristics of the resins in the 

composite were determined and the curing activation energy increased with wood content. 

Also, the pH of wood influenced resin cure. The PRF resin, being a cold setting resin, cured 

faster and at lower temperatures than UF resin being a hot setting resin. The thermal stability 

from the onset degradation temperatures of the composites increased with increasing wood 

content. The wood-PRF composites exhibited good flexural properties and were influenced 
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by its resin content. Dimensional stability of the composites improved with resin content. 

This study clearly shows that finding a suitable resin (e.g., PRF) and wood-resin formulation, 

that can cure at ambient temperatures, were critical in the creation of an extrudable 

composite for potential use in additive manufacturing of wood composite structures. 
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Chapter 4: Carbonation Curing and Kinetics of Wood-Sodium Silicate 

Composites  

4.1. Abstract 

This study investigates the effect of carbonation curing pressure, reaction time, 

particle size and post curing temperature on the thermal, and mechanical properties of wood-

sodium silicate (SS) composites. A mixture of 50 wt.% wood (40 and 200 mesh) and SS was 

used to fabricate composites that were considered for carbonation curing. Dynamic 

rheological behavior of the blends was determined in the presence of air and CO2 with a 

higher complex viscosity observed for CO2 samples. The penetration depth of CO2 was 

evaluated via X-ray microcomputed tomography (micro-CT) scans and results showed 

increasing penetration depth with carbonation time and pressure. %CO2 uptake for samples 

was observed to increase with increasing CO2 exposure time and pressure. Curing kinetics of 

neat SS and composites of different wood compositions (50 – 70 wt.%) were examined using 

modulated dynamic scanning calorimetry (MDSC). MDSC curing peak temperatures 

increased with heating rates and Ea ranged from 85 to 125 kJ/mol with the highest values 

obtained for 200 mesh SS composites. From the flexural bending test results, 200 mesh SS 

composites exhibited better mechanical properties with flexural modulus (FM) between 0.8 

GPa to 11.2 GPa and flexural strength (FS) between 3.5 MPa to 59.2 MPa. Generally, 

thermal stability of carbonated composites was influenced by particle size and curing 

temperature. Statistical summary data based on a response surface methodology (RSM) 

coded data and a polynomial fit showed that pressure, time, and carbonation pressure had 

significant effects on the mechanical properties of carbonated cured composites.  

4.2. Introduction 

Greenhouse gas (GHG) emissions are a continuous growing environmental concern 

especially with carbon dioxide (CO2) emissions which accounts for more of the GHG [368]. 

CO2 in the United States of America (USA) decreased by 11% from 2019 to 2020, due to 

decrease in transportation emission as a result of the COVID 19 pandemic [369], [370]. But 

energy consumption alone in the USA in 2021 produced a total of 4.9 billion metric tons of 
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CO2 emissions which was 7% more than 2020 levels [371]. With this data, the need for more 

ways of carbon sequestration in the environment is increasingly needed. Carbon 

sequestration is an interesting method used by modern technology to capture CO2 into 

depleted oil and gas fields, coal seams, natural based materials etc. where they would stay 

locked up for years [372]. Another alternative is the carbonation curing of cement-based 

materials, geopolymer based (such as SS) and alkali activated materials (AAM). The 

fundamentals behind these are that these materials are reactive with CO2 in their hydrated 

state forming stable carbonate materials or solidified forms of aluminosilicate glass [373], 

[92]. 

Carbonation curing which is the diffusion of CO2 into the pores of a matrix has been 

used in different studies with common uses in composites made of natural fibers like wood 

and cement to stabilize and improve the mechanical properties of the materials [374], 

[375],[376],[377]. The presence of CO2 can help increase the density of the pores structure in 

the composites which also improves the durability of the composites [378]. The use of wood 

fibers in composites for carbon sequestration and storage will aid the reduction of its carbon 

footprint while improving the mechanical properties of the composites over time [379]. The 

potential of carbonation curing of wood geopolymer based composites will ensure their broad 

range in various construction applications. But understanding how they perform 

mechanically, thermally will aid in the establishing of proper optimization processing 

methods, and overcoming their disadvantages of low strength, and vulnerability to fire [380]. 

The compatibility of wood and SS also reduces the requirement of pretreated wood waste 

with toxic and non-biodegradable chemicals industrially. This combination of wood and SS 

presents advantages of high strength, fire resistance and durability as observed in a previous 

study [287]. In the presence of CO2, SS reacts to form silica gel with the subsequent removal 

of water to form a hardened glass material and a byproduct of as seen in chemical equation 

4.1 and stoichiometric equation in equation 4.2. 

                   𝑁𝑎2 𝑆𝑖𝑂2(𝑎𝑞.)  + 𝐶𝑂2  →  𝑆𝑖𝑂2(𝑎𝑞.)  +  𝑁𝑎2𝐶𝑂3                        Equation 4.1 [381] 

            𝑁𝑎2𝑂 .  𝑛𝑆𝑖𝑂2 + 2𝑛𝐻2𝑂 +  𝐶𝑂2 → 𝑁𝑎2𝐶𝑂3 + 𝑛𝑆𝑖(𝑂𝐻)4               Equation 4.2 [376] 

The major factors that affect the carbonation curing of composites includes, particle size, 

porosity of the composite, moisture, time, water binder ratio and amount of geo based 
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material used in the matrix [382]. Particle size of fibers used for composite preparation can 

affect the penetration (diffusion rate) of CO2 during sequestration which in turn affects their 

mechanical properties. Initial densified pores of composites which is influenced by particle 

size, plays a major role in improving the interaction in the matrix which yields higher 

strength and properties upon carbonation [383]. It has been studied that pore volume during 

carbonation decreases as a result of the densification of the structure in a continuous 

carbonation test [384].  

This study focuses on the sequestration of CO2 in wood SS composites as an 

alternative curing method. The influence of particle size, surface area, CO2 exposure time, 

CO2 pressure, on the carbonation depth, mechanical properties and thermal properties were 

explored. There is a limited amount of literature that have researched on the use of wood 

fibers and SS which makes this study innovative. Rheological behavior of the wood-SS blend 

in the presence of CO2 was investigated. Curing behavior and kinetics of SS with wood was 

also evaluated. The research will aid in reducing the amount of thermal energy required to 

cure wood-SS composites and create a cost-effective process for composite fabrication. The 

relationship between SS with high wood composition and CO2 will be understood to create 

the use of the mixture in more applications industrially.   

4.3. Materials and Methods  

4.3.1. Materials 

Wood fiber residues were obtained from Plummer Forests Products, Post Falls, ID., 

USA (Douglas-fir (DF) and American Wood Fibers 80 mesh, USA (Maple). DF wood fibers 

were screened using a standard 40 mesh US screen (~0.425 mm). The 200 mesh maple fibers 

were produced by ball-milling maple fibers and passed through a standard 200 mesh US 

screen [385]. SS solution was used as purchased (37 wt.%, pH 12.5, 1.39 g/cm3 at 20 °C, 

ThermoFisher Scientific, Waltham, MA, USA).  

4.3.2. Wood Fiber Characterization and Sample preparation 

Length and width of the DF 40 mesh and maple 200 mesh wood fibers have been 

characterized in previous studies via optical microscopy (Olympus BX51 microscope with a 



84 

 

DP70 digital camera, San Diego, CA, USA) and light scattering single particle optical 

sensing (Particle Sizing Systems, Inc. Model 770 AccuSizer) [385], [287]. Moisture content 

of the wood fibers was ascertained in duplicates using a HB43-S Halogen Moisture Analyzer 

(Mettler Toledo, Columbus, OH, USA). Density of the wood fibers were determined using an 

ultra-pycnometer 1000 (Quantachrome, USA) in nitrogen at room temperature.   

The specific surface area analysis of the wood fibers was determined using the 

Brunauer–Emmett–Teller (BET) analyzer on 0.5 g of samples in duplicates using 

Micromeritics FlowSorb 2300 instrument according to ASTM D6556-10. pH of the wood 

fibers was determined using an Accumet AP61 (Hampton, NH, USA) pH meter on an 

aqueous extract of the wood fiber (5 g) in water (40 g) refluxed for 10 min, cooled, filtered, 

and measured. 

Screened 40 and 200 mesh wood fiber samples were mixed individually with SS in a 

ratio of 50:50 on dry weight basis. Small batches for dynamic rheology were mixed using an 

herb grinder (1-2 g) and cold pressed under 0.5-ton load in a 25 mm Ø pellet die. Large 

batches for carbonation curing (40 g), were mixed in a coffee grinder (Pinlo, 200 W). For 

each disc used for carbonation curing, 17 g of wet mix was cold pressed in 76.2 Ø mm pellet 

die mold with an applied load of 1.5-ton (PHI hydraulic press, City of Industry, CA, USA).   

4.3.3. Dynamic Rheology 

The flow behavior (storage (G’), loss (G”) modulus, complex viscosity (η*), Tan δ) 

of SS and wood-SS blends in either the absence or presence of CO2, dynamic rheology 

characteristics of SS and wet pressed discs were determined. SS and wet discs (2 mm x 25 

mm Ø) were either exposed to ambient air or CO2 (10 psi (69 kPa), ~25 mL/min) in a 

Discovery Hybrid Rheometer (DHR2, TA instruments, New Caste, DE, USA). Serrated 

parallel plates were used for the wood SS blends to avoid slip and fabricated disposable 

aluminum plates with perforated holes (Figure 4.1 left and center) were used for SS to allow 

for uniform penetration and distribution of CO2 gas. A 3-D printed chamber made of 

acrylonitrile butadiene styrene (ABS) was constructed to enclose the parallel plates and used 

to have a blanket of CO2 gas around the plates (Figure 4.1 right). Time sweep measurements 

were collected for 6 h at 23 °C, 0.1% strain and frequency of 1 Hz.   
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Figure 4.1: Perforated aluminum plates for SS-CO2 rheology experiments (left and center) 

and 3D-printed chamber (right) 

4.3.4. Differential Scanning Calorimetry (DSC) 

Curing kinetics of SS and wood blends were determined using a modulated DSC 

(MDSC) on 5 mg of freeze-dried samples in a Q200 DSC (TA instruments, New Caste, DE, 

USA) under nitrogen (50 mL/min) and refrigerated cooling. Samples were equilibrated at 40 

°C (2 min), modulated at amplitudes of +/- 0.8, 1.6, 2.4 and 3.2 °C for respective heating 

rates of 5, 10, 15, 20 °C/min every 60 s and ramped to 250 °C. MDSC runs were performed 

in hermetically sealed Tzero aluminum pans and data was analyzed using the TA Universal 

Analysis software. Kinetics of the blends was determined using the Kissinger-Akahira-

Sunose ((KAS) iso-conversional) method [293]. Enthalpy of curing which was determined as 

the total area under the exothermic peak was calculated and used to calculate the activation 

energy (Ea) with equation 4.3. From the slope of the plot of -ln(β/Tp
2) versus 1/Tp

2, Ea was 

calculated. To determine the pre-exponential factor A, the intercept of the plot was used. Ea at 

every degree of conversion was determined using equation 4.4.  

                                      − ln (
𝛽

𝑇𝑝
2) =  

𝐸𝑎

𝑅𝑇𝑝
− ln (

𝐴𝑅

𝐸𝑎
)                                            (Equation 4.3) 

                                        − ln (
𝛽

𝑇2) =  
𝐸𝑎

𝑅𝑇
− ln (

𝐴𝑅

𝐸𝑎𝑔(𝛼)
)                                        (Equation 4.4) 

β is the heating rate (K/min), Ea is the activation energy in J/mol, Tp is the exothermic peak 

temperature, R is the gas constant (8.314 J/mol/K), A is the pre-exponential factor (1/s) and T 

is the temperature at a given degree of conversion (K). 
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4.3.5. Carbonation curing and CO2 uptake  

To determine the effect of carbonation pressure and CO2 exposure time on the 

properties of SS and wood-SS composites, four cold pressed wet wood-SS discs per 

experiment were placed in a Parr Instruments 1 L pressure vessel (102 mm x 152 mm Ø) 

(Figure 4.2) and separated with 40 mesh wire stainless steel discs to allow for the penetration 

of CO2. Two particle sizes of wood were examined 40 and 200 mesh. Wood-SS discs were 

exposed to CO2 at two different treatment pressures of 7 kPa (1 psi) and 138 kPa (20 psi) and 

at different reaction times of 0.5, 1, 2, and 24 h for each experiment. The pressure vessel was 

placed in a water bath at 60 °C to facilitate CO2 absorption [93]. Silica gel (self-indicating) 

was added to the pressure vessel to trap excess water. After exposure to CO2, the wood-SS 

samples were post cured at either 60 °C or 105 °C for 48 h in an oven prior to 

characterization giving a total of 36 experiments (Table 4.1). Each experiment had 4 replicate 

specimens to account for reproducibility and accuracy of results. Control wood-SS samples 

were only cured thermally (60°C or 105 °C) for 48 h. Dimensions and weight of cured 

samples were used to calculate their density.  

 

Figure 4.2: Schematic of the carbonation curing setup 

Table 4.1: Summary of parameters considered for sample preparation. 

Wood fiber size (mesh)  40 and 200  

Carbonation Pressure (kPa) 7 and 138 

Carbonation time (h) 0.5, 1, 2 and 24 
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Post curing temperature (°C) 60 and 105 

The amount of CO2 absorbed by each experiment sample at different times in the 

pressure vessel during carbon sequestration, was calculated by the mass change in the 

carbonation cured wood-SS composites using the equation below [386]:  

                CO2 uptake (%) =
(𝑚𝑓𝑖𝑛𝑎𝑙 − 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙+𝑚𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑)

(𝑚𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑆𝑆 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒)
 𝑥 100%                (Equation 4.5) 

With 𝑚𝑓𝑖𝑛𝑎𝑙 , 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 are the weight of the SS and wood-SS composite after and before 

carbonation, respectively. 𝑚𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑  is the mass of water that was lost during curing which 

was obtained from the weight of the silica gel after carbonation and using an absorbent paper 

towel (for condensed moisture on the walls of the pressure vessel). 𝑚𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑆𝑆 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 

is the weight of the SS reacted solids content in the composite.  

 From previous studies, the total water lost during carbonation curing has not been 

accurately accounted for, and a similar occurrence was experienced in this study [386]. The 

use of a different method to achieve the mass of evaporated water in the system was explored 

which involved the mass balance of the total amount of water in the system for each batch 

before and after carbonation curing. Calculations were performed based on the assumption 

that the rest of the water was lost or chemically bonded at the end of carbonation curing for 

each sample. The initial amount of water in the composite and weight of the sample before 

thermal curing were important parameters used for this mass balance calculation. It was 

important to have the same number of specimens per experiment and with approximate 

weight for each experiment of curing to enable uniform distribution and rate of CO2 

absorption.  

4.3.6. X-ray Micro Computed Tomography (Micro-CT) Scanning 

To observe the microstructure, density variations, and CO2 penetration depth through 

the samples after carbonation curing, a Skycscan 1275 (Bruker, PA, USA) X-ray Micro-CT 

(μCT) scanner with an aluminum (1 mm) filter was used. Cured composite samples (8 mm 

(h) x 13 mm Ø) for each SS-wood particle size composite, exposed to different CO2 

pressures and at different times, mounted on a rotation stage, and a scout scan was 

Table 4.1 cont’d 
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performed. A source voltage of 60 kV, current of 82 μA and camera pixel of 15 μm were 

used. Micro-CT image slices were obtained with samples rotations of 0.16° and the N-Recon 

reconstruction program was used to reconstruct the 2-D slices obtained. The CT Vox 

graphics software (Bruker, PA, USA) was used to build 3-D images of the scanned 

specimens and create density profile images for the samples. Parameters used are given in 

Table 4.2. 

Table 4.2 : Micro-CT tomography scanning parameters 

Object to source 52.9 mm 

Camera to source 286 mm 

Image pixel size 15 μm 

Source Voltage 60 kV 

Source current 82 μA 

Beam hardening correction 20% 

Rotation step 0.1° 

Scanning position 11.39 mm 

Exposure 115 ms 

Ring artifact correction 10 

Camera resolution High resolution 

Measurement of penetration depth of samples was analyzed using CTVOX images 

and Image J software version (2.1.0/1.53c, Java 1.8.0_172 (64bit)). 

4.3.7. Flexural Properties  

Effect of carbonation time and pressure on the mechanical properties of the 

carbonated cured composites samples (63.5 mm x 13.5 mm x 2.5 mm) was determined using 

a three-point bend fixture on an Instron 5500R-1132 universal testing machine (5 kN load 

cell, 40 mm span, and cross head speed of 1.5 mm/min) according to ASTM D790. Data was 

collected and analyzed using Bluehill v3.3 Instron software. 
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4.3.8. Thermogravimetric Analysis (TGA) 

To determine the effect of wood particle size, CO2 curing pressure and curing 

temperature on the thermal stability of the post cured composites, TGA was performed on 

cured samples (6 mg) in a Perkin-Elmer TGA-7 instrument (Shelton, CT, USA) under 

nitrogen (30 mL/min) from 40 to 900 °C at 20 °C/min. Data was analyzed using the Pyris 

v13.3.1 software.  

4.3.9. Statistical analysis 

Statistical analysis was performed in the R studio environment and the effect of the 

independent variables, carbonation pressure (x1), curing temperature (x2), CO2 time (x3) and 

particle size (x4) on the response variables of FM and FS as seen in Table 4.3 [387]. 

Response surface methodology (RSM) package was only used to code the raw data in levels 

with a minimum of -1 and a maximum of +1. The data analysis was set up by fitting a 

polynomial model with all linear interactions, and quadratic terms. The best model was 

retained based on the Akaike’s Information Criteria (AIC). To validate the selected model, 

Shapiro-Wilk’s test was used to check for normality. Ramsey tests was used to check for 

linearity in regression parameters, using the R package “lmtest” [388]. The experiment was 

composed of 36 mixtures (Table 4.3) used for the analysis. Statistical tests were concluded 

using a confidence level of 95%. 

Table 4.3 : Experimental set up for statistical analysis of wood-SS curing treatments 

Mixture 

ID 

Pressure 

(x1) 

(kPa) 

Curing  

(x2)  

Temp (°C) 

Time 

(x3) 

(hours) 

Particle 

mesh size 

(x4) 

Modulus 

(GPa) 

Flexural 

Strength 

(MPa) 

1 138 60 0.5 40 0.864 4.193 

2 138 105 0.5 40 0.905 4.458 

3 138 60 1 40 0.640 2.603 

4 138 105 1 40 0.584 1.966 

5 138 60 2 40 0.284 1.140 

6 138 105 2 40 0.161 0.898 

7 138 60 24 40 0.146 0.686 

8 138 105 24 40 0.087 0.520 

9 0 60 0 40 2.357 11.274 

10 0 105 0 40 2.098 8.505 
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11 7 60 0.5 40 1.854 9.620 

12 7 105 0.5 40 2.315 9.570 

13 7 60 1 40 1.729 10.510 

14 7 105 1 40 2.730 10.680 

15 7 60 2 40 2.110 10.662 

16 7 105 2 40 2.183 10.003 

17 7 60 24 40 1.014 5.992 

18 7 105 24 40 1.747 7.307 

19 138 60 0.5 200 11.223 59.278 

20 138 105 0.5 200 9.054 39.593 

21 138 60 1 200 3.574 29.968 

22 138 105 1 200 4.619 27.505 

23 138 60 2 200 2.400 13.280 

24 138 105 2 200 3.677 20.224 

25 138 60 24 200 0.767 3.510 

26 138 105 24 200 0.955 4.800 

27 0 60 0 200 6.742 40.863 

28 0 105 0 200 4.714 15.810 

29 7 60 0.5 200 8.950 45.048 

30 7 105 0.5 200 7.920 36.923 

31 7 60 1 200 7.346 45.288 

32 7 105 1 200 7.808 27.016 

33 7 60 2 200 8.830 45.490 

34 7 105 2 200 8.150 38.668 

35 7 60 24 200 1.529 3.453 

36 7 105 24 200 1.367 4.794 

4.4. Results and Discussion 

4.4.1. Fiber Characterization 

Mean fiber length results obtained from previous studies were 206 μm and 33 μm for 

the DF 40 mesh and maple 200 mesh wood fibers with aspect ratio of 1.3 and 1.9 

respectively [287], [385]. The 40 and 200 mesh wood fiber had a moisture content of 5.5% 

and 5.8%, density of 1636 kg/m3 and 1501 kg/m3, and BET specific surface area of 0.25 m2/g 

and 2.35 m2/g, respectively. Similar values of 0.261 m2/g for Douglas-fir sapwood in the 

mesopores in wood cells at dry and wet state have been reported [389]. Specific surface area 

Table 4.3 cont’d 
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tends to increase with decreasing particle size hence the high surface area value for the 200-

mesh maple fiber. With a high surface area, high adsorption and reactions with other 

materials is expected to occur at an increased rate [390]. The pH of the DF fiber was 4.85 and 

that of maple fiber was 4.66.  

4.4.2. Rheology  

Rheological characteristics (G’, G”, complex viscosity (η*) and Tan δ) of SS and 

wood-SS blends in the presence of CO2 and air with respect to time at 23 °C are shown in 

Figure 4.3. The temperature of 23 °C was selected to understand the reactivity of the sample 

blends at room/ambient temperature and for understanding of flow behavior with the various 

blends. With oscillatory shear in motion, SS showed a rapid increase in G’, G” and η*(Figure 

4.3a and 4.3c) when exposed to air and CO2. The G’ and G” plots increased due to the 

increase in stiffness of the matrix and molecular weight [391]. There was no crossover point 

which is usually associated with gelation for G’ and G” of SS in air and CO2. G’ was higher 

than G” throughout the time sweep scans. Around 5000 s (83 min), G’, G” and η* generally 

stopped increasing in air and similarly when exposed to CO2 (Figure 4.3a and 4.3c). The 

ambient concentration of CO2 in air (412 ppm) is sufficient to cure the SS [392]. The η* for 

the CO2 cured SS was higher by 20% than the air cure SS at 330 min and this is most likely 

attributable to a higher degree of crosslinking. The rapid increase in η* is a result of 

intermolecular crosslinking, by exposure to CO2, within the SS matrix to form a further 

stable network [393].  

With the addition of 50% wood fiber to SS, a similar increase in G’, G” and η* 

occurred and plateaued again around 83 min in both air and CO2 atmospheres. The η* of the 

CO2 cured wood-SS mixtures (40 and 200 mesh) were two-times higher (2 x 106 Pa.s) than 

the air cured samples at 330 min. The 200-mesh wood-SS had a slightly lower viscosity than 

the 40-mesh wood-SS mixtures. This low viscosity could be due to the small particle size of 

the 200-mesh fiber. It has been mentioned by Chen et al. (2021) that a small particle size 

distribution of fillers can restrict the movement of molecules in a system hence reducing the 

G’ and G” [394].  

Tan δ was used to examine the transition of the SS from a liquid to a gel during 

curing (Figure 4.3d). Tan δ decreased rapidly for SS with reaction time (<80 min) due to the 
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sample crosslinking and having lower viscous properties. Based on the plots in Figure 4.3d, 

gelation occurred <83 min for the air and CO2 cured samples. The CO2 cured sample had 

twice the tan δ (0.1) at > 160 min than that of the air-cured SS. The addition of wood fibers 

to SS resulted in an initial decrease in tan δ and then started to increase or plateaued around 

30 min. Tan δ values were highest for 40 and 200 mesh wood-SS materials exposed to CO2 

by 44% and 48% after 360 min, as compared to air cured samples. These results clearly show 

that vitrification occurs in SS in both air and CO2 atmospheres. 

 

 
Figure 4.3 : Time sweep for SS wood blends in the presence of air and CO2 showing G’ and 

G” for (a) SS cured in air and CO2 and (b) 40 mesh and 200 mesh air and CO2 and (c) 

complex viscosity (η*) curves and (d) Tan δ curves. 

4.4.3. MDSC  

To understand the curing kinetics of SS in the presence of different wood 

compositions, MDSC was used with non-reversible exothermic heat flow curves at different 

(c) (d) 

(a) (b) 
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heating rates (Figure 4.4). Figures 4.4a and 4.4b show MDSC thermograms at 10°C/min of 

SS-wood (40 mesh) and SS-wood (200 mesh) blends, respectively. The curing kinetic values 

are given in Table 4.4. Kissinger plots of -ln(β/Tp
2) versus 1/Tp

2 for the calculation of Ea and 

conversion plots with respect to temperature are shown in Figures 4.4c, 4.4d. 4.4e and 4.4f. 

An exothermic peak was observed for SS curing at 85 oC and increased with heating rate to 

99 °C. While the enthalpy was reduced with increased heating rates. This behavior occurs 

because with an increase in heating rate, the curing properties of the system lags behind 

causing the reaction to occur later at higher temperature [395]. Since SS is in solution form 

and this complicates the MDSC thermogram with the water vaporization peak overlapping 

with the SS reaction peak. Thus, the SS and wood-SS samples were freeze dried prior to 

MDSC analysis to eliminate the water peak.  

With the addition of 40 and 200 mesh wood fibers to SS, two exothermic curing 

peaks were observed, and the curing peak temperature increased (Figure 4.4a and b). As the 

wood content increased from 50 wt.% to 70 wt.%, the height of the curing peak reduced. This 

is likely attributable to the fact that SS cures under acidic conditions and the addition of 

wood which is acidic will help catalyze the reaction and shift to lower temperatures [396]. 

With an increase in wood content from 50 wt.% to 70 wt.% the exothermic peak area was 

reduced. Furthermore, this coincides with a lower SS content. This trend was also observed 

by Liu et al (2015) using modified and unmodified SS stating the effect of reduced curing of 

SS with the addition of fillers or additives [397]. The curing peak temperatures for 200 mesh 

maple wood-SS composites were significantly higher than those for the 40 mesh DF wood-

SS. Chemical variation between DF softwood and maple hardwood might also be a factor 

that affects the curing of SS in the mix [398]. The pH of the DF and maple fiber  were similar 

hence the larger surface area of the 200 mesh fiber likely contributes to an increase in curing 

peak temperatures. An increase in surface area and number of particles of a filler also affects 

the curing conditions of a thermoset matrix causing an increase in heat transfer and curing 

peak temperatures [399].  
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Figure 4.4: MDSC thermograms showing non-reversible heat flow curves for (a) neat SS and 

40 mesh wood-SS blends and (b) neat SS and 200 mesh wood-SS blends at 10 °C/min; Plots 

of -ln(β/Tp
2) versus 1/Tp

2 for (c) SS and 40 mesh wood-SS blends and (b) neat SS and 200 

mesh wood-SS blends; Activation energy (Ea) versus conversion (α) for (e) neat SS and 40 

mesh wood-SS blends and (f) neat SS and wood-SS blends. 

(a) (b) 

(c) 
(d) 

(f) (e) 
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Ea which was obtained from the analysis of the Kissinger plots and for SS was a 104 

kJ/mol and this serves as a reference point for monitoring curing. An A of 7.7 x 1014 was 

observed with an R2 coefficient of 0.839. Ea of the 40-mesh wood-SS composites ranged 

from 85 to 89 kJ/mol and 128 to 185 kJ/mol for 200 mesh wood-SS composites. Particle size 

of fillers in composites also play a role in the amount of energy that is required for molecules 

to interact. With smaller particle size (e.g. 200 mesh) comes an increased surface area thus 

increased interactions with SS which increases the Ea [400]. The plots of ln(β/Tp
2) versus 

1/Tp
2 showed R2 coefficients between 0.868 to 0.964 showing reliable data for both 40 and 

200 mesh composites and A values between 1.4 x109 to 1.6 x 1022 (1/s). A higher A value 

means a larger reaction occurring, and this was observed for the 50 wt.% 200 mesh wood-SS 

composites. This suggests that there were a higher number of active sites in the system as a 

result of the high surface area of the fiber [325]. 

The plots of Ea versus conversion (α) are shown in Figure 4.4e and 4.4f for 40 mesh 

and 200 mesh wood-SS blends, respectively. Curing kinetics of thermosets tends to be 

complex in the presence of wood due to the chemical components present but the plots of Ea 

at different conversion (α) degrees can give a clearer understanding of the energy changes 

within the system as temperature increases.  For neat SS, Ea starts at 64 kJ/mol and increases 

to 95 kJ/mol at 90% α. With the addition of 50 wt.% 40 mesh wood fiber, Ea showed a major 

increase from 28 kJ/mol (40% α) to 73 kJ/mol (90% α). A similar increase in Ea was 

observed with 60 wt.% wood around 40% α. With the 70 wt.% 40 mesh fibers, there was an 

increase in Ea at 50% α (177 kJ/mol) from a 40% α value of 27 kJ/mol. The use of 200 mesh 

maple fibers generally showed an increase in Ea starting at 111 kJ/mol which increased to 

>200 kJ/mol. The 60 wt.% wood-SS for the 200-mesh fiber showed a different trend at other 

wood contents. This phenomenon cannot be explained to why there was a spiked increase to 

the 40 wt.% SS Ea at low α.  
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Table 4.4: Kinetic parameters for SS, 40 mesh and 200 mesh composite blends calculated 

using KAS model from the MDSC data 

SS 

content (%) 

 β (°C 

/min)  

 T
p
 (°C)   ΔH (J/g)   E

a
 (kJ/mol)  A (1/s) R2 

40 mesh 

100 5 85 (±1.5) 6.7 (±1.3) 104 7.7 x 1014 0.839 

10 89 (±1.4) 4.6 (±0.5) 

15 92 (±3.3) 3.8 (±1.9) 

20 99 (±3.1) 3.9 (±0.9) 

50 5 153 (±0.2) 15.6 (±5.7) 89 2.4 x 1010 0.930 

 10 167 (±2.6) 18.1 (±3.8) 

15 168 (±6.9) 34.7 (±4.6) 

20 176 (±5.9) 38.0 (±0.3) 

40 5 149 (±6.7) 18.7 (±4.5) 79 1.4 x 109 0.951 

10 163 (±3.1) 17.3 (±0.1) 

15 166 (±3.7) 24.9 (±4.0) 

20 175 (±3.5) 26.9 (±5.9) 

30 5 146 (±2.3) 15.0 (±3.9) 85 1.4 x 1010 0.868 

10 158 (±1.0) 34.2 (±3.5) 

15 160 (±1.9) 34.2 (±3.5) 

20 170 (±4.3) 24.7 (±4.1) 

200 mesh 

50 5 157 (±3.5) 55.0 (±29.1) 185 1.6 x 1022 0.964 

10 163 (±5.4) 64.9 (±17.2) 

15 167 (±0.7) 42.8 (±6.1) 

20 166 (±2.4) 43.0 (±5.8) 

40 5 154 (±2.6) 33.1 (±8.1) 158 1.1 x 1019 0.963 

10 162 (±0.6) 58.8 (±3.9) 

15 164 (±0.6) 49.2 (±0.2) 

20 165 (±1.8) 43.6 (±5.0) 

30 5 149 (±1.8) 17.8 (±9.6) 128 3.6 x 1015 0.881 

10 160 (±0.2) 34.0 (±8.6) 

15 162 (±6.1) 28.9 (±10.7) 

20 164 (±4.9) 27.4 (±8.5) 

Note: Standard deviation in parentheses. 
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4.4.2. CO2 Uptake calculations 

Since CO2 reacts with SS, it is important to determine the extent of CO2 uptake during 

the curing of SS and wood-SS composites. To determine a mass balance of water lost to the 

environment for the process, several assumptions were made for each experiment to account 

for carbonation absorption and post carbonation treatment (equation 4.5). The amount of CO2 

absorbed was determined and the results are given in Table 4.5 and a linear relationship was 

observed (Figure 4.5). To account for water lost to the environment, asides the one collected 

by the silica gel, mass balance on the solid and moisture content before and after carbonation 

curing would provide a value. During the CO2 curing process, it was generally observed that 

samples exposed to 138 kPa CO2 pressure absorbed more in comparison to treatments at 7 

kPa. Higher CO2 uptake was also recorded with an increase in reaction time, except for SS 

samples exposed at 138 kPa. An increase in reaction time from 2 to 24 h showed a 100% 

increase in CO2 uptake.  

Table 4.5: CO2 (%) uptake calculations for the various SS and wood-SS samples at different 

CO2 treatment pressures and treatment time 

 

Treatment 

Time (h) 

CO2 uptake (%) 

SS 40 mesh 200 mesh 

7 kPa 138 kPa 7 kPa 138 kPa 7 kPa 138 kPa 

0.5 2.9 5.4 7.4 8.7 7.1 6.4 

1 3.3 6.1 7.8 9.7 8.8 8.1 

2 4.8 9.2 12.5 15.6 13.5 30.8 

24 46.6 40.6 59.7 83.6 64.9 86.5 

200 mesh samples also absorbed more CO2 at 2 (13.5% and 30.8%) and 24 (30.8%) h 

than the 40 mesh samples. This increase could be attributable to the increased contact area 

and larger surface area of the 200 mesh fibers as compared to the 40 mesh fibers [90] [401]. 

Zhan et al (2014) also observed more carbonation with materials that had 5-10 mm sized 

particle in comparison to 14-20 mm sized particle on recycled concrete aggregates [402]. 

From the plots in Figure 4.5, all samples showed a linear relationship with an increasing CO2 
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uptake with time. R2 values were more >0.9 stating the linear changes in absorption with 

time. CO2 uptake begins slow within the first 1h but gradually increases as time progresses. 

This process was slower for SS at 24 h but faster for the composites (>50% increase in all 

cases), due to the porosity and voids present in the solids which allows for easier diffusivity 

of the gas [403].  

 

Figure 4.5 :Plots of CO2 uptake with respect to time at different pressure values 

4.4.3: Microstructure, Density and Carbonation penetration depth 

Cross section photographs of CO2 cured wood-SS samples are seen in Figure 4.6a and 

4.6b for 40 mesh and 200 mesh samples respectively at different pressures. The sample 

exposed to CO2 for 24 h had a thickness swell of more than 20% for both 40 mesh and 200 

mesh with an increased CO2 reaction time. The penetration depth of CO2 (which is the 

whitish boundary towards the corners) was also observed to increase with curing time and 

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25

C
O

2
 u

p
ta

k
e

 (
%

)

Time (h)

SS - 7KPa SS - 138 kPa

40 mesh - 7kPa 40 mesh - 138 kPa

200 mesh - 7kPa 200 mesh - 138 kPa

 



99 

 

pressure. The depth was more visible for 200 mesh maple samples due to their darker 

morphology.  

 

Figure 4.6: Photographs of cross sections of wood-SS cured composites showing the 

penetration depth of CO2 treatment time at (a) 7 kPa and (b) 138 kPa 

X-ray micro-CT images were obtained for the CO2 reacted and post-cured wood SS 

composites to examine the inner structure of the composites using different fiber sizes, 

treatment time and pressure (Figure 4.7a). Density maps of the various wood-SS composites 

samples are shown in Figure 4.7b. Plots of penetration depth are seen in Figure 4.7c. From 

the CTVOX analyzed images (Figure 4.7a), the penetration of CO2 creates a reaction layer 

with reaction to SS towards the outer part of the sample. This layer increases inwards with 

reaction time. No reaction layer was visible for the air/thermally cured wood-SS controls. 

The microstructure of the wood-SS samples were observed to have distinct features of 

boundary layers and filled voids created by the CO2 reaction. For all wood-SS composites 

reacted with CO2 for 24 h CO2, there were fractures observed internally (Figure 4.7a). These 

fractures/defects could attributed to temperature and CO2 pressure during curing creating 

differential stresses [404]. This carbonation zone has also been observed by Chavez Panduro 

et al. (2019) and found to be mostly amorphous silica [405].  
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During carbonation of the wood-SS composites, changes in density were observed on 

the surface as shown in Figure 4.7b. The density was calculated density for each sample and 

given in Table 4.6. Density of all the composites exposed to CO2 increased in comparison to 

the air/thermally cured control samples. However, the density reduced with increasing CO2 

pressure and reaction time. These phenomena can be clearly observed by the density maps in 

Figure 4.7b. The reaction layer increased for samples exposed from 30 min to 2 h and shown 

to have medium density creating a carbonation front as the reaction layer progresses inwards 

in comparison to the core [406]. Due to the large particle size of the 40 mesh samples, there 

appears to be good diffusion of CO2 into the core. The 200-mesh wood-SS composites were 

of a higher density than the 40-mesh wood-SS composites. Particle sizes with a high surface 

area like 200-mesh, are highly packed within their composites increasing their density and 

upon absorption of CO2, density increases since the CO2 fills the voids and spaces [407].  

Density increase was also caused by mass gain in the presence of chemically and non-

chemically bonded CO2 forming sodium bicarbonate species in the matrix [408].  

The changes in CO2 penetration depth boundary layer with increase in reaction time 

and pressure is seen Figure 4.7c. As time progressed, CO2 penetrating depth generally 

increased for the 40-mesh and 200-mesh samples. At 7 kPa, the 40-mesh samples had lesser 

penetration depths (0.09 mm to 0.69 mm) than the 200-mesh samples (0.16 mm to 1.31 mm). 

This is because at lower pressure, more time is used to fill the voids in the 40 mesh 

composites before a boundary layer starts to form. At 138 kPa, the microstructure of the 200-

mesh composites, reduced the penetration depth with time (0.23 mm to 0.45 mm) of the CO2 

in comparison to the 40-mesh composites (0.40 mm – 0.63 mm) [409]. Samples exposed 

with CO2 for 24 h , had no boundary layers to be measured as seen in Figure 4.7a and 4.7b, 

hence the absence of plots.  

 

 

  



101 

 

 

 

 

 

 

 

 

(a) 



102 

 

 

(b) 



103 

 

 

Figure 4.7: (a) Micro-CT cross-section slices showing penetration depth (yellow arrows) of 

reacted CO2 with wood-SS cured samples plus controls and (b) density maps of reacted CO2 

with wood-SS cured samples plus controls, (c) plot of penetration depth for wood SS samples 

at different pressures and time 

Table 4.6: Calculated density of air cured (control) carbonated (CO2 cured) wood-SS 

composites. 

CO2 

Treatment 

time (h) 

CO2 Pressure 

(kPa) 

Density (kg/m3) 

40 mesh blends 

Curing Temperature 60 °C 105 °C 

0 (control) - 755 (±13) 727(±1) 

0.5 7 1055 (47) 954 (±54) 

138 800 (±11) 763 (±5) 

1 7 791 (±3) 764 (±1) 

138 806 (±23) 751 (±24) 

2 7 793 (±69) 748 (±23) 

138 850 (±11) 764 (±11) 
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24 7 754 (±55) 734 (±8) 

138 597 (±34) 576 (±34) 

200 mesh blends 

0 (control) - 967 (±79) 908 (±102) 

0.5 7 1183 (±48) 1151 (±124) 

138 1302 (±47) 1243 (±59) 

1 7 1018 (±36) 920 (±50) 

138 891 (±18) 850 (±56) 

2 7 1109 (±91) 1006 (±105) 

138 1108 (±5) 1039 (±63) 

24 7 896 (±23) 865 (±42) 

138 873 (±13) 708 (±13) 

Note: Standard deviation in parentheses.  

4.4.4. Bending Test Results 

The composites were tested for their flexural properties to evaluate their use in either 

structural or non-structural applications. The FM and FS results of the wood-SS composites 

reacted with CO2 at different times, pressure, particle size, CO2 pressures, and post-cure 

temperatures are given in Table 4.7. In general, 200 mesh wood-SS composites exhibited 

better flexural properties with the highest FM at 11.2 GPa and FS at 59.2 MPa with a 30 min 

CO2 reaction time, and post-curing temperature of 60 °C. These values were significantly 

higher than the FM of 7.1 GPa obtained by Cabral et al (2018) for carbonated cured cement 

bonded balsa particleboard [374]. The lowest FM wood-SS composite was from 40-mesh 

samples cured at 138 kPa CO2, and post cured at 60 °C. The lowest FS was recorded for 40 

mesh samples cured at 138 kPa CO2 and post cured at 105 °C. With respect to exposure time, 

FM, and FS both reduced with increased CO2 reaction time. For the larger particle size 40 

mesh wood-SS composites, CO2 reaction time adversely affected the flexural properties and 

could be attributable to lower, mechanical interlocking due to a lower surface area. The 

wood-SS composites made with the 200 mesh fiber showed a more densified structure with 

improved fiber-SS interactions [410]. The low and high CO2 treatment pressures had a 

Table 4.6 cont’d 
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significant effect on the FM and FS properties [411]. For the 40 mesh blends post-cured at 60 

°C and 7 kPa, FM values ranged from 1 GPa to 2.1 GPa, whilst at 138 kPa CO2 under the 

same conditions, FM was from 0.2 GPa to 0.9 GPa, showing a decrease. The same influence 

of CO2 pressure was seen for 200 mesh samples at 7 kPa CO2 and post cured at 105 °C with 

FM values between 1.4 GPa to 8.2 GPa and 138 kPa CO2 between 1.0 GPa to 9.1 GPa.  

Studies have shown that an increase in carbonation pressure can reduce toughness of 

composites and reduce the bonding between the fiber and matrix [412]. A study by Wang et 

al (2017) in the CO2 curing of wood and cement also confirmed that samples with increased 

thickness swelling did not possess good mechanical properties because of the presence of 

water soluble extractives in wood that can hinder early strength development in carbonation 

curing [413]. For this study, a water bath temperature of 60 °C was used to accelerate CO2 

diffusivity and promote curing, whilst removing excess water from the composite during 

carbonation. But the curing temperature did not seem to have any significant effect on the 

bending properties. This was validated by Zhan et al (2016) on the carbonation of concrete 

blocks. They found that increasing carbonation temperature from 20 °C to 80 °C had limited 

effect on the degree of carbonation on concrete blocks however, with an increased 

temperature between 80 °C and 100 °C, a significant degree of carbonation was observed 

with an increase in strength [101].  

Table 4.7: Mechanical properties of 40 mesh and 200 mesh Wood SS cured composites 

CO2 

Treatment 

time (h) 

CO2 

Pressure 

(kPa) 

Flexural Modulus (GPa) Flexural Strength (MPa) 

40 mesh blends  

Curing Temperature 60 105 60 105 

No CO2 - 2.4 (±0.1) 2.1 (±0.0) 11.3 (±0.6) 8.5 (±0.4) 

0.5 7 1.9 (±0.2)  2.3 (±0.1) 9.6 (±0.8) 9.6 (±0.2) 

138 0.9 (±0.1) 0.9 (±0.1) 4.2 (±0.5) 4.5 (±0.2) 

1 7 1.7 (±0.1) 2.7 (±0.1) 10.5 (±0.6) 10.7 (±0.5) 

138 0.6 (±0.1) 0.6 (±0.0) 2.6 (±0.2) 2.0 (±0.1) 

2 7 2.1 (±0.1) 2.2 (±0.5) 10.7 (±0.4) 10.0 (±0.5) 
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 138 0.3 (±0.0) 0.2 (±0.0) 1.1 (±0.1) 0.9 (±0.1) 

24 7 1.0 (±0.0) 1.8 (±0.0) 6.0 (±0.4) 7.3 (±0.4) 

138 0.2 (±0.0) 0.9 (±0.0) 1.9 (±0.3) 0.5 (±0.0) 

200 mesh blends  

No CO2 - 6.7 (±0.7) 4.7 (±0.5) 40.9 (±3.2) 15.9 (±1.8) 

0.5 7 8.9 (±0.3) 7.9 (±0.3) 45.0 (±6.5) 36.9 (±1.9) 

138 11.2 (±3.6) 9.1 (±0.2) 59.2 (±3.1) 39.6 (±2.4) 

1 7 7.3 (±0.0) 7.8 (±0.2) 45.3 (±1.9) 27.0 (±1.2) 

138 3.6 (±0.1) 4.6 (±0.2) 30.0 (±0.5) 27.5 (±1.1) 

2 7 8.9 (±0.3) 8.2(±0.2) 45.5 (±5.0) 38.7 (±2.5) 

138 2.4 (±0.1) 3.7 (±0.1) 13.3 (±1.0) 20.2 (±0.5) 

24 7 1.5 (±0.3) 1.4 (±0.0) 3.5 (±0.3) 4.8 (±0.8) 

138 0.8 (±0.0) 1.0 (±0.0) 3.5 (±0.0) 4.8 (±0.1) 

Note: Standard error in parentheses. 

4.4.5. Thermal stability of the wood-SS composites by TGA 

The thermal stability of the composites was evaluated by TGA. The TGA-DTG 

thermograms for thermally cured wood-SS controls and carbonated wood-SS samples cured 

at different pressures are shown in Figure 4.8. The thermal degradation onset (Tonset), and 

residual (ash) values are given in Table 4.8.  From Table 4.8, all thermally cured control 

composites exhibited higher Tonset in comparison to carbonated composite samples. With 

increasing CO2 pressure, Tonset was generally higher for wood-SS CO2 treated at 138 kPa, 

showing the effect of carbonation pressure. 40 mesh composite samples post cured at 60 °C 

and 7 kPa CO2 pressure had Tonset from 247 °C to 261 °C while those cured with 138 kPa 

CO2 pressure had Tonset between 260 °C to 318 °C. The same observation was seen for the 

200 mesh composites post cured at 60 °C and 7 kPa CO2 pressure with Tonset values ranging 

from 251 °C to 264 °C and the samples cured with 138 kPa CO2 pressure had values from 

276 °C to 290 °C. With respect to carbonation time, there was also a slight increase in Tonset. 

The 40-mesh composite samples post cured at 105 °C showed a Tonset at 265°C at 30 mins 

Table 4.7 cont’d 
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CO2 treatment which increased to 310 °C with a 24 h CO2 treatment. Under the same 

conditions, 200-mesh samples had a 0.7% increase in Tonset values. For the 40 mesh 

composites with a 24 h CO2 treatment showed better thermal stability (Tonset) by 9.4% post 

cured at 60 °C and a 7.4% increase when post cured at 105 °C. The residual “ash” content at 

900 °C, for wood-SS composites post-cured at 60 °C had the lowest ash residue content. 

Residual ash values were 57-62% for 40 mesh wood-SS composites post-cured at 60 °C and 

for composites post-cured at 105 °C were 58-64%. Residual ash values for the 200-mesh 

wood-SS composites post-cured at 60 °C were 56-63% and 58-66% for post-cured 

composites at 105 °C. These values were typically influenced by curing temperature and 

pressure.  

  

  

(d) 
(c) 

(a) 

(b) 
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Figure 4.8: Thermograms from TGA analysis of cured wood-SS composites (a) % weight 

loss and (b) DTG curves at 7 kPa CO2 pressure; and (c) % weight loss and (d) DTG curves at 

138 kPa CO2 pressure for 40 mesh wood-SS samples and,  (e) % weight loss and (f) DTG 

curves at 7 kPa CO2 pressure; and (g) % weight loss and (h) DTG curves at 138 kPa CO2 

pressure for 200 mesh wood-SS samples 

Table 4.8: TGA thermogram curve values for thermally cured and carbonated wood SS 

blends 

CO2 

Treatment 

time (h) 

CO2 

Pressure 

(kPa) 

Tonset (°C) Residual weight at 900 °C 

(%) 

40 mesh blends 

Curing Temperature 60 105 60 105 

No CO2 - 294 (±0.1) 279 (±5) 62 (±4) 64 (±2) 

(e) 
(f) 

(g) 
(h) 
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0.5 7 261 (±4) 247 (±11) 61 (±1) 63 (±1) 

138 260 (±6) 265 (±6) 58 (±1) 58 (±4) 

1 7 247  (±11) 250 (±9) 61 (±1) 63 (±2) 

138 271 (±10) 269 (±4) 57 (±1) 60 (±2) 

2 7 256 (±2) 252 (±3) 60 (±4) 58 (±2) 

138 283 (±4) 276 (±3) 57 (±2) 61 (±4) 

24 7 255 (±5) 253 (±2) 59 (±2) 62 (±2) 

138 318 (±6) 310 (±10) 58 (±2) 62 (±1) 

200 mesh blends  

Curing Temperature 60 105 60 105 

No CO2 - 290 (±2) 307 (±1) 63 (±0) 66 (±2) 

0.5 7 264 (±6)  270 (±3) 56 (±1) 60 (±1) 

138 290 (±16) 285 (±2) 60 (±2) 63 (±2) 

1 7 253 (±3) 264 (±7) 56 (±1) 59 (±1) 

138 288 (±6) 291 (±4) 60 (±1) 63 (±1) 

2 7 251 (±8) 252 (±8) 56 (±0) 61 (±0) 

138 276 (±6) 272 (±6) 61 (±0) 65 (±1) 

24 7 254 (±1) 254 (±1) 58 (±1) 58 (±1) 

138 287 (±2) 287 (±2) 60 (±1) 62 (±1) 

Note: Standard deviation in parentheses.  

From the DTG thermograms of wood-SS composites the temperature of major DTG 

peaks are given in Table 4.9. If samples contain sodium bicarbonate (Na2CO3) and silicon 

dioxide (SiO2) components, degradation peaks could be seen in the DTG peaks and the 

thermal degradation of other specific components in the matrix can also be identified. 

Thermal degradation below 150 °C was attributed to loss of water and volatiles [265], [414]. 

The second peak between 200 °C and 400 °C was due to the degradation of wood and silanol 

components [230]. The removal of carbonate groups is observed from 500 °C to 900 °C, 

especially sodium carbonate [415]. These peaks between 500 °C to 900 °C have the lowest 

Table 4.8 cont’d 



110 

 

intensity for the 40-mesh wood-SS CO2 treated at 7 kPa. This could be attributed to the poor 

packing of the 40 mesh wood fibers and lower interaction with SS and the reacted CO2.  

Table 4.9: DTG thermogram curve values for thermally cured and carbonated wood SS 

blends 

CO2 

Treatme

nt time  

(h) 

CO2 

Pressu

re 

(kPa) 

Major DTG peak between 250 °C and 

600 °C (°C) 

Major DTG peak 

between 600 °C and 

900 °C (°C) 

40 mesh blends 

Curing 

Temperature 

60 105 60 105 

No CO2 - 344 (±4) 341 (±4) 577 (±29) 706 (±67) 

0.5 7 306 (±5) 306 (±3) 694 (±31) 676 (±5) 

138 316 (±7) 311 (±5) 745 (±16) 742 (±57) 

1 7 304 (±1) 305 (±4) 651 (±24) 676 (±32) 

138 325 (±9) 324 (±7) 699 (±43) 692 (±60) 

2 7 300 (±2) 302 (±3) 667 (±2) 677 (±2) 

138 331 (±4) 335 (±5) 732 (±24) 770 (±22) 

24 7 300 (±3) 305 (±2) 697 (±17) 667 (±12) 

138 364 (±1) 363 (±7) 654 (±30) 674 (±10) 

200 mesh blends  

Curing 

Temperature 

60 105 60 105 

No CO2 - 349 (±3), 544 (±3) 346 (±5), 547 (±4) 750 (±18) - 

0.5 7 317 (±2), 486 (±2) 312 (±3), 486 (±3) 668 (±6) 724 (±21) 

138 341 (±4), 539 (±2) 335 (±4), 545 (±2) 739 (±14) 762 (±32) 

1 7 316 (±5), 485 (±1) 311 (±2), 485 (±4) 671 (±30) 732 (±77) 

138 345 (±5), 545 (±3) 338 (±4), 559 (±29) 666 (±20) 748 (±34)  

2 7 316 (±0), 489 (±0) 308 (±1), 489 (±2) 748 (±0) 683 (±29) 

138 324 (±6), 572 (±69) 324 (±6), 548 (±16) 809 (±16) 754 (±28) 
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24 7 296 (±1), 485 (±3), 300 (±4), 485 (±7) 687 (±14) 646 (±22) 

138 344 (±1) 345 (±3) 781 (±7) 659 (±62) 

Note: Standard deviation in parentheses.  

4.4.6. Statistical Analysis 

RSM was used to optimize the treatment process variable for final composite product 

properties, such as FM and FS [416]. The regression tables for the response variables of FM 

and FS are given in Table 4.10 and 4.11, respectively. The results from the quadratic model 

fits show that the factors significantly affect FM, explaining 77% of its variability. 

Specifically, FM does not vary with curing temperature (x2), however it varies significantly 

with the factors pressure (x1), time (x3), and particle size (x4). The effect of x4 on FM was a 

linear function of reaction time (h). At time t = 0 h, a unit increase of x4 results in a 1.45 GPa 

increase in FM on average. However, after an incremental time (h) increase, there was a 

decrease by 1.26 GPa (e.g., t = 2 h, each unit increase in x4 results in 1.45 – 2 * 1.26 = 1.07 

GPa decrease in FM on average). From the Shapiro-Wilk normality test, W = 0.94217 and p-

values ≤ 0.05 depicting normality. Ramsey tests showed the linearity of the model used for 

both FM and FS.  

Table 4.10: Statistical analysis of CO2 curing process parameters results with respect to FM 

(GPa) 

Term Variables Estimate Error t-value P-value 

 (Intercept) 8.23 4.00 2.06 0.049 

Pressure (kPa) x1 -0.86 0.27 -3.24 0.003 

Curing Temperature (°C) x2 -0.04 0.25 -0.14 0.888 

Time (h) x3 -1.99 0.35 -5.68 <0.001 

Particle size mesh  x4 1.45 0.30 4.86 <0.001 

I(Pressure^2) I(x1^2) -11.32 4.76 -2.38 0.025 

  

Table 4.9 cont’d 



112 

 

 

I(Time^2) I(x3^2) 6.03 3.02 2.00 0.056 

Curing temp : Particle size x2:x4 -0.14 0.25 -0.54 0.591 

Time : Particle size x3:x4 -1.26 0.31 -4.09 <0.001 

Overall significance: F(8, 27) = 16.39; p-value <0.001, R2 = 77.86% 

The FS properties were also fitted to a quadratic model. A 79.5% variability was observed, 

and FS varied significantly with the factors x1, x3, and x4. The effect of x4 on FS was also a 

linear function of time (h) and from the Shapiro-Wilk normality test, W = 0.94004 for FS, 

respectively and p-values ≤ 0.05 showing the normality of the data.  

Table 4.11: Statistical analysis of CO2 curing process parameters with respect to the 

composites FS response. 

Term Variables Estimate Error t-value P-value 

 (Intercept) 39.87 19.60 2.03 0.052 

Pressure (kPa) x1 -3.33 1.33 -2.51 0.018 

Curing Temperature (°C) x2 -2.05 1.25 -1.64 0.113 

Time (h) x3 -10.32 1.74 -5.93 <0.001 

Particle size mesh  x4 7.20 1.48 4.85 <0.001 

I(Pressure^2) I(x1^2) -52.85 23.31 -2.27 0.032 

I(Time^2) I(x3^2) 27.18 15.03 1.80 0.082 

Curing temp : Particle size x2:x4 -1.89 1.25 -1.51 0.142 

Time : Particle size x3:x4 -7.00 1.53 -4.57 <0.001 

Overall significance: F(8, 27) = 17.81; p-value <0.001, R2 = 79.5% 

The 3D response surfaces associated with the significant effect of the statistical 

results for pressure (x1) and time (x3) are shown in Figure 4.9 at the slices for curing Temp = 

293° C, and 164 ° C and particle mesh size = 99.04 mesh and 33.5 mesh size for FM and FS 

respectively that correspond to the plot.  

Table 4.10 cont’d 
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Figure 4.9: 3D response surfaces for FM and FS with respect to pressure and time 

4.5. Conclusions 

In this study, carbon sequestration of wood SS composites with different wood fiber 

particle sizes of 40 and 200 mesh, at different CO2 times and pressure were successfully 

examined. Conclusively, CO2 uptake significantly increased with carbonation pressure, 

particle size differences and time. Rheology time sweep showed the timely reaction of SS in 

wood composites in the presence of CO2 with different wood mesh sizes. 200 mesh wood SS 

showed better mechanical properties in comparison to 40 mesh fiber composites. Ea 

increased with the addition of the 200 mesh fibers in comparison to the 40 mesh because of 

its increase surface area. Thermal stability of the carbonated composites showed variable 

reactions and degradation under increased temperature. This study clearly shows that the 

wood-SS composites can be cured with CO2 to sequester carbon and improve the mechanical 

properties of the composite materials. Further studies are required to implement this 

technology for real world applications in construction materials. 
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Chapter 5: Modifying a Thermoset-Natural Fiber Composite Matrix for 

Application in Additive Manufacturing 

5.1. Abstract  

This study examined the augmentation of phenol resorcinol formaldehyde (PRF) resin using 

three different types of modifiers (ball-milled eggshells (BMES), gelatinized corn starch 

(GCS) and sulfonated castor oil (SCO) combined with wood fibers and waste denim fibers to 

form extrudable composites for additive manufacturing (AM). A 50/50 mix of wood-PRF 

was used. The modifiers were added at a loading of 1, 2, 5 or 10 wt.% on a PRF basis. Denim 

fiber was substituted for wood at 5 and 10 wt.%. Neat PRF with modifiers exhibited good 

shear thinning behavior with reduced complex viscosity (η* at 1 Hz) ranging from 1.5 kPa.s 

to 2.7 kPa.s for BMES, 1.9 kPa.s to 4.8 kPa.s for GCS and 1.0 kPa.s to 2.1 kPa.s for SCO as 

observed from the dynamic rheology. The addition of denim fiber to wood reinforcement on 

the modified PRF increased the flexural strength (FS) from 44 MPa to 53 MPa. Exothermic 

curing peak temperatures for the modified PRF filled composite moved to higher 

temperatures in comparison to the unfilled modified PRF systems. Curing peak temperatures 

ranged from 116 to 137 °C for BMES blends, 113 to 134 °C for GCS blends, 112 to 128 °C 

for SCO blends and 121 to 129 °C for denim blends. Thermal stability of the modified PRF 

blends decreased with the addition of wood. Successful extrusion of the wet modified wood-

PRF blends was achieved with all modifiers but not with the denim fibers. FS of the extruded 

blends increased within the range of 4.8% to 28% in comparison to the pressed samples 

showing the positive influence of extrusion on mechanical properties of the extruded post 

cured blends and potential for use in AM.  

5.2. Introduction 

Issues of wood waste from lumber production and two dimensional panels, such as 

particleboard, during machining, sheathing, and cutting, to convert them to final products 

have generated environmental concerns [417]. It is estimated that 1 ton of wood waste 

comprising of sawdust, shavings edgings etc., is generated from every 100 board feet of 

lumber [418]. These wastes end up in landfills or are being used as energy with just a few 
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percent getting recycled. In 2021, only 2.1% of the wood waste generated was used for 

energy in the USA [4]. This calls for more solutions to curb this waste. An innovative 

technology that can be used to reduce this waste and directly make complex 3-dimesnional 

(3D) products by additive manufacturing (AM).  

AM involves the layer-to-layer deposition and fabrication of complex geometries 

without the need for machining or tooling [419]. AM allows for cost efficiency improvement 

whilst reducing energy consumption [420]. This process can be done with different kinds of 

materials including thermoplastics and thermosets, with thermoplastics commonly used 

[421]. There are different methods used for AM with the most common been material 

extrusion which extrudes the mixture out of a nozzle [422]. Material extrusion is considered 

a simple and affordable process with either a plunger based, filament based, or a screw base 

extruder system setup.  

The use of thermosets in additive manufacturing has been considered cheaper due to 

the non-requirement of thermal energy for the process [14]. Thermosets are considered to 

give superior materials due to their influence on the improved mechanical properties and 

thermal resistance [15]. Different thermosets are currently studied and used with most been 

epoxy based since they do not generate volatile by products like formaldehyde emissions [8] 

[9]. Most thermosets like epoxy still require high post curing temperatures after extrusion to 

hold their required shape and crosslinked structure. Because of this, the need for more 

reactive thermosets, reinforcements and modifiers is essential [10] [11]. A previous study has 

investigated the use of a thermoset resin (phenol-resorcinol-formaldehyde (PRF)) together 

with wood fiber for use in AM, however had some challenges with extrusion of the material 

[425].  

PRF resins which are cold setting resins due to the resorcinol present in them requires 

low energy for curing and have a high reactivity due to the resorcinol nucleophilicity [39]. 

Due to the high cost of resorcinol, the presence of phenol and fillers will help reduce the 

resins cost whilst creating products with post curing improved mechanical properties [426]. 

Thermosets mostly have viscosity issues during AM and are fragile and brittle after the 

process thus the need for reinforcements like modifiers, fillers etc. A few of these 

reinforcements includes natural fibers (wood, cotton etc.), glass fiber, carbon fiber, and 

nanocellulose components amongst others [427] [428]. Natural fibers have increasingly been 
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used for reinforcements or fillers due to their contribution to increased mechanical properties 

of the end products, renewal resource, non-toxicity, low cost, and availability [429]. 

Although the use of wood has been employed in AM but not vastly studied, its use in 

thermoset additive manufacturing creates innovative and sustainable materials [285]. Studies 

on waste denim fibers which contains 100% cotton, have high rigidity and better tear 

resistance, and have shown to improve the mechanical properties of thermoplastic 

composites [430], [431]. Denim has also been used in the fabrication of thermoset 

composites for structural applications [432]. 

With the AM of thermosets in the presence of natural fibers, low loadings have been 

considered, and just a few studies have considered high fiber contents [10] [7] [433] [419]. In 

the presence of high fiber content, issues of flow, high motor loads, porosity and fabrication 

failure will have to be modified for a more sustainable AM fabrication process[11] [62] 

[172]. Nozzle blockage in the presence of high fiber content is a major concern in additive 

manufacturing of thermoset composites and homogenous flow and mixtures is essential. To 

attain this homogeneity and flow, the binders or thermosets can be modified to attain better 

wettability, flowable viscosity with improved post curing properties in the matrix [44]. 

Several studies have considered different modifiers which give the thermosets different 

properties of rubbery, anti-shrinkage, impact resistance etc. [82], [434]–[437].  

Egg shells which contain a high content of mineral salts has shown to play a role as a 

rheology modifier in small amounts [438]. Their low cost, availability and high content of 

calcium carbonate (95 - 97%) and organic components (3 – 5%), has proven to give materials 

and composites good impact strength and mechanical properties [115] [439]. With the 

presence of its nanopores, it has also be considered a good reinforcement for thermosets 

since it creates better interfacial adhesion between filler and matrix with the formation of 

high performance composites [440] [441] [121]. 

Corn starch is commonly used as viscosity modifier in foods and adhesives. The 

gelatinization of starch is often employed, enhanced in alkaline conditions, to aid extrusion 

of materials [442]. With this, starch-based adhesives have been studied to wet the polar 

surfaces of cellulose, penetrate crevices and pores, and, thus, form strong bonds in 

composites or materials they are used to fabricate [443] [444].  
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Castor oil produced from castor beans, is a non-competitor with edible oils having a 

triglyceride structure which makes it easily modified (high solubility, small hydrodynamic 

diameter, and low melting point). The presence of its hydroxyl groups influence its reactivity, 

melting point, viscosity, solubility, polymorphism and heat of fusion [445]. The carboxylic 

group aids esterification, double bond hydrogenation and the hydroxyl group helps 

acetylation and alkoxylation [446]. In some studies, it has also been modified into epoxy and 

used as a curing agent through a substitution reaction [447], [448]. Castor oil based 

composites haven shown to have good damping properties which is essential for a good 

additively manufactured product [446] [449]. Sulfated castor oil (SCO) which is one of the 

first derivatives of castor oil is stable and the only oil which is soluble/dispersible in water 

and it has been used as a viscosity modifier in polymeric materials [450]. SCO is also used in 

the textiles industry to improve its wettability and homogeneity of dyes [451] [452]. SCO has 

been used for lubrication and emulsification in cosmetics and inks due to its excellent 

solubility [453], [454].  

The aims of this  study will evaluate the effect of three different types of modifiers 

(ES, SCO, and GCS) on the extrudability of PRF-wood composites for use in AM. The use 

of denim fibers as long fiber reinforcement will also be assessed. The influence of these 

modifiers and fillers on the rheological properties of the green wood-PRF formulations 

together with the thermal and flexural properties of the cured composites will be evaluated 

for their suitability and potential use in AM fabrication of thermoset composites.  

5.3. Materials and Methods 

5.3.1. Materials 

Commercial cold setting PRF resin was acquired from Hexion (Cascophen 4001-8 / 

Cascoset 5830 E, pH = 10.2), and mixed in a ratio of 2.5:1. Waste wood mill residues were 

obtained from Plummer Forest Products (Post Falls, ID. USA) and screened through a US 

standard 40 mesh using a standard screen shaker.  

Waste denim (cotton) fibers were obtained from old denim jeans and the threads 

loosened to obtain the weft and warp. The denim threads were cut using a paper guillotine 

into 3 to 5 mm fiber lengths. Waste chicken eggshells were obtained from a home bakery, 
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boiled for 10 min to sterilize, dried in an oven at 105 °C and ball milled in a 1-gallon 

porcelain jar with porcelain balls for 24 h at about 10-15 rpm to obtain the ball-milled 

eggshells (BMES). Corn starch (Bobs Red mill) was gelatinized by dispersing 50 g of starch 

in 1 L of water, boiled for 20 min, cooled, and freeze dried (GCS). Sulfated castor oil (SCO) 

was sourced from Natural Transverse Bay Bath and Body, Michigan, USA.  

5.3.2. Characterization of Wood Fiber and Modifiers 

 Width (100 measurements) of individually separated denim weft and warp fibers 

were measured via optical microscopy (Olympus BX51 microscope with a DP70 digital 

camera, San Diego, CA, USA). Specific surface area of BMES (0.4 g) and screened wood 

fibers (0.4 g) were determined using the Brunauer–Emmett–Teller (BET) analyzer on the 

Micromeritics FlowSorb 2300 instrument according to ASTM D6556-10. Density of the 

denim fibers, GCS, BMES and wood fibers were determined at room temperature in nitrogen 

using an ultra-pycnometer 1000 (Quantachrome, USA).  

 To determine the particle size distribution of the BMES (0.3 g) was diluted and mixed 

in 100 mL of deionized water and analysis was determined by light scattering single particle 

optical sensing (Particle Sizing Systems, Inc. Model 780 AccuSizer). Triplicate analysis was 

performed, and results were analyzed using the SW 788 software V.1.55. To obtain 

additional size and morphology measurements of BMES powder was examined by scanning 

electron microscopy (SEM) on a Zeiss Supra 55 VP-FEG instrument at 20 kV after carbon 

coating. Morphology measurements were taken for 60 particles using the Image J software 

version (2.1.0/1.53c, Java 1.8.0_172 (64bit)). 

5.3.3. Composite Fabrication 

Various wood-PRF composite formulations using the 3 modifiers were fabricated. 

Each of the modifiers at 1, 2, 5 and 10 wt.% loadings were mixed with the PRF resin. 

Subsequently, screened wood fibers (50 wt.%) were added to the resin mix. Formulations 

including denim fiber (5 or 10%) were substituted for wood fiber at a total composition of 50 

wt.%. Wet PRF or modified-PRF were mixed by hand using a spatula, and the composite 

blends (2 g total) were mixed in a small herb grinder for dynamic rheology analysis.  
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For extrusion, capillary rheology and bending tests, larger batches (25 to 50 g total 

batch size) of composite blends were mixed using a Pinlo coffee grinder (200 W) for 1 min 

to prevent exothermic heat buildup and reaction prior to extrusion. For every 50 g batch, 2 ml 

of water was added to help homogenize the mix. The time taken from mixing samples to 

starting an experiment for capillary rheology was 4 min. This time was considered during the 

dynamic rheology characterization which was used to compare the capillary rheology 

experiment. For bending tests, wet blends were transferred to a 76 mm Ø pellet die set, 

pressed into discs, and cured at 160 °C for 5 to 10 min at a load of 1.2 tons (PHI hydraulic 

press, City of Industry, CA, USA). For extrusion trials, wet blends of modified PRF-wood 

were extruded into rods, flattened in a press to stops (3.2 mm thick), and then cured between 

heated plates (105 oC) to obtain samples for flexural testing. 

5.3.4. Rheology 

The effect of the modifiers on the flow properties (complex viscosity (η*)) of PRF 

and its wood blends were determined via dynamic rheology on a Discovery Hybrid 

Rheometer (DHR2, TA instruments, New Caste, DE, USA). Wet sample discs (2 mm x 25 

mm Ø) containing modified PRF, and wood fiber were prepared using a 25 mm Ø pellet die. 

Frequency sweeps were performed at 0.1% strain from 0.05 Hz to 100 Hz at 30 °C on neat 

PRF, modified PRF, and blends with wood/denim fibers.  

Capillary rheology, which plays an important role in the understanding flow behavior 

of blends at high shear rates, was performed on a wood-PRF blend without modifiers. 

Investigation of high shear rate properties was determined using wet wood-PRF blends (9 g) 

in an Instron 5500R-1137 universal testing machine at crosshead speeds 6, 10, 20, 60, and 

100 mm/min. The capillary rheometer (Instron model 3213) had a barrel diameter of 9.55 

mm, equipped with a 44 kN load cell. Three dies of lengths (24.30 mm, 48.60 mm, and 72.90 

mm), entrance angle of 70° and diameter of 4.86 mm were used. Data were obtained using 

the Bluehill v3.3 Instron software and analyzed according to the ASTM D3835-02 standard 

with the necessary corrections. Rheological data were also fitted to the power law model of 

Equation 5.1. 

                                                         𝜎 = 𝐾𝛾𝑛                                                      (Equation 5.1) 
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Where σ is the shear stress , γ is the shear rate, K is the consistency index and n is the flow 

behavior index which is dimensionless [455]. With the consideration of the mixing time (4 

minutes), a batch for dynamic rheology testing at 25 °C was performed to compare viscosity 

trends between the two rheometers. 

5.3.5. Differential Scanning Calorimetry (DSC) 

 Curing behaviors of the PRF with different modifier compositions and wood fiber 

were performed on freeze dried batches using a Q200 DSC (TA instruments, New Caste, DE, 

USA) under nitrogen (50 mL/min) and refrigerated cooling. Samples were scanned in 

modulated DSC mode at 10 °C/min at +/- 2.4 and ramped from 40 °C to 250 °C. Data was 

analyzed using the TA universal analysis software and baseline was corrected using Origin 

2023 software.   

5.3.6. Thermal Gravimetric Analysis (TGA) 

Thermal stability of the cured modified PRF and wood/denim-modified PRF 

composites samples (4 to 6 mg) was determined on a Perkin-Elmer TGA-7 instrument 

(Shelton, CT, USA) under nitrogen (30 mL/min). Samples were scanned non-isothermally 

from 40 to 900 °C at 20 °C/min and data analyzed using the Pyris v13.3.1 software.  

5.3.7. Extrusion 

 To understand the effect of modifier addition to PRF resin in wood/denim composites 

in their extrudability, wet blends (50 g batch size) were extruded in a single screw extruder 

(RobotDigg, Shanghai, China). The extruder (20 mm Ø barrel, 200 mm length, 8.5 mm flight 

pitch) was equipped with a 200 W motor and operated at 17 rpm and a 9 mm Ø die. Run time 

per batch was 15 min. To minimize barrel heating due to friction and exothermic resin 

curing, the barrel was tightly wrapped with a coil of ¼” copper tubing and ice water was 

pumped (380 L/h) through the coil. After extrusion, rods were pressed, and post cured at 105 

°C for flexural bending tests.  

5.3.8. Flexural properties 

Mechanical properties of the pressed and extruded cured wood-PRF composite 

samples (63.5 x 13.5 x 3 mm3) were determined on an Instron 5500R-1132 universal testing 
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machine (5 kN load cell, 48 mm span, and cross head speed of 1.1 mm/min) according to 

ASTM D790. Data was collected and analyzed using Bluehill v3.3 Instron software. 

5.4. Results and Discussion 

5.4.1. Characterization of modifiers  

 Images of the loosened warp and weft (length = 3 mm to 5 mm) fibers are shown in 

Figure 5.1a. These loosened fibers were a cluster of individual fibers that were separated to 

obtain their individual width using optical microscopy (Figure 5.1b). The average width for 

100 measurements was 29 μm (±8.8 μm). The calculated aspect ratio was between the range 

of 103 and 172. The BMES was analyzed for particle size by a combination of SEM (Figure 

5.1c) and light scattering particle analysis (Figure 5.1d and 5.1e). Image analysis was 

performed on the SEM micrographs on 600 particles and showed a mix of particle sizes for 

BMES ranging between 1 and 74 μm with a median value of 4.4 μm. The micrographs also 

show the sharp surface and layer structure of the BMES particles which has been stated to be 

as a result of high calcium content [456], [457]. From the light scattering analysis, the 

volume (Figure 5.1d) and number average (Figure 5.1d) distributions were obtained. The 

volume average distribution diameter of the BMES ranged from 2 µm to a 130 µm with a 

peak mode of 45 µm. The number average distribution ranged from 30 µm to 100 µm with a 

peak mode of 75 µm.  

                

(a) 
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Figure 5.1: (a) Loosened warp and weft and denim fibers, (b) optical microscopy image of 

individually separated warp and weft fibers, (c) SEM micrograph of BMES at 200x and laser 

scattering particle size distribution of BMES showing (d) volume % distribution and (e) 

number % distribution. 

The density of the BMES, GCS, denim fibers and wood fibers were 2537 kg/m3, 1421 

kg/m3, 1571 kg/m3 and 1535 kg/m3, respectively. The BMES possessed the highest density 

because of the calcium carbonate it contains which has a high-density of 2710 kg/m3. These 

values of density were within the range of the literature [458]. Specific surface area of BMES 

and 40 mesh wood fibers were 2.54 m2/g and 0.235 m2/g, respectively. 

5.4.2.  Rheology of resins and composite mixtures 

Complex viscosity (η*) at low shear rates of the PRF, PRF with and without modifiers 

and wood fiber were determined using dynamic rheology (Figure 5.2). This was used to 

ascertain the shear thinning behavior of the blends which is an essential characteristic needed 

(b) (c) 

(d) (e) 
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for extrusion and AM. Flow curves (η* vs shear rate) are shown in Figures 5.2a to 5.2g for 

neat PRF, PRF and modifiers and modified PRF-wood blends. All PRF-wood blends showed 

good shear thinning behavior and η* values varied depending on the modifier used. For neat 

PRF (Figure 5.2a), a η* of 2.4 kPa.s was observed at 1 Hz which was reduced to 1.5 – 2.7 

kPa.s with addition of BMES. PRF modified samples showed η*  values between 1.9 – 4.8 

kPas with GCS and 1.0 – 2.1 kPas with SCO, respectively. These values show the reduction 

in viscosity with the modifiers which will aid in the extrusion process when wood is added 

[459]. In the presence of 50% wood, the η*  of the PRF formulations increased by over 100-

fold to 350 kPa.s at 1 Hz. Substituting 3-5 mm denim fibers (Figure 5.2a) for wood fibers 

showed an even higher η* value (185% and 148% for 5% and 10% denim contents) than the 

wood-PRF mix.  

For the BMES modified PRF (Figure 5.2b), the best shear thinning behavior was 

observed with 2% BMES with a η* of 1.5 kPa.s . At 1 Hz, η* increased with the addition of 

BMES modifier from 1.5 kPa.s to 2.7 kPas. The reinforcement properties of BMES have 

been utilized in different studies with reported increase in rheological properties [460], [461]. 

With the addition of wood fiber (Figure 5.2c), a lower η* value from 784 to 524 kPa.s was 

obtained with 10% BMES. This shows that the shear thinning behavior of eggshells would be 

beneficial for AM. The changes in η* also show a good relationship between the BMES egg 

shells and the PRF resin when mixed with wood [462].  

The supplementation of GCS (Figure 5.2d) to PRF allows for improved rheological 

properties [463].  The η* reduced with GCS and showed shear thinning behavior with an 

increase in frequency. At frequency of 1 Hz, η* increased from 1.9 kPa.s to 4.9 kPa.s going 

from 1% GCS to 10% GCS. With the addition of wood, η* increased to 788 kPa.s and with 

1% GCS reduced to 557 kPa.s. However, with subsequent increases in GCS to 5% and 10%, 

η* increased again by 51% and 26%, respectively. This increase in η* might be because of 

entanglements/interactions between starch molecular chains and wood [464] . The 

formulation of wood-PRF with 2% GCS had the lowest η* and good shear thinning behavior 

(Figure 5.2e). 

Sulfonated castor oil (SCO) which is used mostly as a dispersant and lubricant 

exhibited the lowest η* at 1% loading with PRF (Figure 5.2f). The η* increased from 1.1 kPa 

to 2.1 kPa with increased SCO content. 100% SCO showed a shear thinning behavior from 
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0.05 Hz to 5 Hz and then a shear thickening behavior was observed from 5 Hz to 100 Hz 

(Figure 5.2f). In the presence of wood (Figure 5.2g), SCO lubrication properties were 

observed with an increase in shear rate and the 10% mix showed the lowest η* values 

depicting its lubricity properties [465]. For the wood-PRF blends, the η* increased from 463 

kPa.s at 1% SCO to 595 kPa at 5% SCO and then reduced to 433 kPa.s at 10% SCO showing 

the thinning effect with increase in shear rate (Figure 5.2g). The addition of SCO will aid in 

the processability of the composite blends by extrusion for AM. This will also help reduce 

the driving pressure and motor load of the extruder at high shear [466]. 

 

(a) 
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Figure 5.2: Frequency sweep curves of BMES, GCS, SCO modified and unmodified wood-

PRF blends. 

(b) (c) 

(d) (e) 

(f) 

(g) 
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Dynamic rheological plots were analyzed using the power law fit model and values 

are given in Table 5.1. PRF and modified PRF showed good fits to the power law with 

goodness of fit values (R2) >0.9 for neat PRF and >0.90 PRF with modifiers.  

The fitted values for the wood-denim blends, unmodified and modified PRF-wood 

blends showed good R2 values >0.99. The power law model has been stated to be more valid 

at low shear rates and shows the probability of shear thinning using the flow behavior index 

(n). The n values for unmodified and modified PRF were >0.5 depicting good shear thinning 

behavior. All unmodified and modified wood blends showed n values >0.8, showing the 

good shear thinning behavior required for AM. Overall, wood-SCO-PRF blends showed the 

best n components between 0.870 to 0.906 due to the lubricity of the SCO at high shear rates 

in the presence of wood. The consistency coefficient (K) components were comparable to the 

η* at 1 Hz and values varied with different modifiers and wood blends as seen in Table 5.1.  

Table 5.1: Dynamic viscosity values at 1 Hz and flow behavior index (n) and consistency 

coefficient (K) of neat PRF and wood-PRF, modified PRF with BMES, GCS, SCO, Denim, 

and modified wood PRF composites 

  

Composition 

(%)  

η* at 1Hz 

(kPa.s) 

K 

(kPa.s) 

n R2 values 

WPRF blends  

100% PRF 2.4 2.1 0.550 0.909 

50% PRF-wood 350 343 0.909 0.999 

PRF - BMES blends 

1%  BMES 1.5 1.6 0.555 0.996 

2%  BMES 1.5 1.5 0.553 0.994 

5%  BMES 1.6 1.7 0.553 0.996 

10%  BMES 2.7 2.6 0.577 0.992 

PRF – GCS blends 

1% GCS 1.9 1.9 0.545 0.990 

2% GCS 2.1 2.2 0.549 0.991 

5% GCS 2.8 2.8 0.572 0.993 
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To compare dynamic η* values at low shear rates for the wood-PRF formulation to 

those at high rates, capillary rheology was used. Bagley and Weissenberg corrections were 

performed to attain true viscosity values (ηtrue). The comparative plot of a dynamic (4-minute 

mixing time comparison) and capillary rheology plots are seen in Figure 5.3. The ηtrue values 

10% GCS 4.8 4.9 0.601 0.996 

PRF – SCO blends 

1% SCO 1.1  1.2 0.527 0.992 

2% SCO 1.2  1.2 0.534 0.995 

5% SCO 1.1  1.1 0.541 0.997 

10% SCO 2.1  2.0 0.572 0.997 

Wood-PRF - BMES blends 

1%  BMES 784 738 0.870 0.996 

2%  BMES 724  694 0.891 0.998 

5%  BMES 585  556 0.882 0.997 

10%  BMES 524 493 0.884 0.997 

Wood-PRF - GCS blends 

1% GCS 788 764 0.870 0.998 

2% GCS 557 535 0.878 0.998 

5% GCS 843 822 0.886 0.999 

10% GCS 703 685 0.897 0.999 

Wood-PRF - DENIM blends 

5% DENIM 1,003 969 0.871 0.998 

10% DENIM 868 862 0.863 0.998 

Wood-PRF - SCO blends 

1% SCO 463  447 0.906 0.999 

2% SCO 539  504 0.906 0.996 

5% SCO 595 566 0.879 0.998 

10% SCO 433 400 0.870 0.999 

Table 5.1 cont’d 
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for the capillary rheology were between 218 kPa to 1.2 MPa for shear rates of 13 to 0.8 s-1. 

The ηtrue
 values also reduced with an increase in shear rate. A correlation between low and 

high shear rate viscosity values from the plot shows the effect of both experiments. 

 

Figure 5.3 : Comparison of dynamic and capillary rheology results of wood-PRF 50:50 

blend. 

5.4.4. Thermal Analysis 

The curing behavior of thermoset resins is an important variable in composite 

materials manufacturing [467]. To determine the curing exothermic peak values of the blends 

in this study, modulated DSC was used, and non-reversible heat flow curves are shown in 

Figure 5.4 and results given in Tables 5.2 and 5.3 for all modified and unmodified blends of 

PRF and wood PRF. All the PRF and modified-PRF resins and PRF-wood formulations 

cured showing a single exothermic peak. For most of the modified PRF mixtures, exothermic 

peak temperatures increased with an increase in modifier content. PRF exhibited a curing 

temperature of 114 °C and was reduced to 106 °C in the presence of 50% wood. With the 

addition of 5% and 10% denim fibers the peak temperatures were 129 °C and 121 °C, 

respectively. All modified-PRF samples cured above 100 °C.  
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BMES addition to PRF moved the exothermic curing peak temperature to higher 

temperatures (116 °C to 120 °C). This is likely due to the presence of the eggshells with high 

calcium carbonate (CaCO3), which reduced the reactivity of the resorcinol and formaldehyde 

hence retarding the curing [468]. CaCO3 has shown to either have a strong neutralization or 

reaction ability in the elongated gel time of CaCO3 modified UF resins [468]. With the 

further addition of wood to the BMES-PRF resin the sample cured between 129 °C and 137 

°C. This was the highest range of curing temperatures recorded amongst the three modifiers. 

The ΔH values of the PRF-BMES blends were higher with values between 70 J/g to 120 J/g 

since more energy was required for curing. The presence of small ball-milled particles 

required more energy to enable adequate heat transfer among particles for curing of the 

blend.  With wood addition, ΔH reduced and ranged from 40 J/g to 42 J/g which was higher 

than the PRF-wood blend. For PRF-GCS blends, curing peaks were from 113 °C to 123 °C. 

These values increased to 128 °C for 1% GCS and 134 °C for 10% GCS in the presence of 

wood. Modified PRF-SCO blends cured between 112 °C to 120 °C and had the lowest curing 

peak values of 90 °C to 122 °C in the presence of wood. ΔH were also minimal for modified 

PRF-SCO blends from 46 J/g to 120 kJ/mol and between 44 J/g to 47 J/g with wood. With 

the addition of the 5% denim fibers, curing peak temperature increased by 22 % and reduced 

to 14 % with the 10% denim . The ΔH required for curing was higher for the 10% denim at 

70 J/g and at 5% denim the value was low at 41 J/g. Knowing these curing temperatures aids 

in controlling the cure rate for extrusion to avoid premature curing in the extruder barrel.   

 

(a) 
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Figure 5:4: Non-reversible heat flow curves for (a) neat PRF, Wood-PRF control, 5 and 10% 

denim fiber wood PRF blends and (b) PRF-BMES modified resin and (c) Wood-PRF-BMES 

blends and (d) PRF-GCS modified blends and (e) Wood-PRF-GCS blends and (f) PRF-SCO 

modified blends and (g) Wood-SCO-PRF blends   

(c) (b) 

(d) 
(e) 

(f) 
(g) 
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Table 5.2: MDSC exothermic peak data for PRF-Wood/denim blends at 10 °C/min 

Composition (%) Tp (°C) Enthalpy (ΔH (J/g)) 

Wood-PRF 

100 PRF 114 (±1) 77 (±13) 

50 PRF 106 (±3) 19 (±5) 

Denim blends 

5 DENIM 129 (±2) 41 (±4) 

10 DENIM 121 (±5) 70 (±11) 

Note: Standard deviation in parentheses 

Table 5.3: MDSC exothermic peak data for BMES, GCS, and SCO modified PRF and 

wood-PRF blends at 10 °C/min 

Main 

compo

nent  

Modifi

er (%) 

BMES GCS SCO 

Tp (°C) ΔH (J/g) Tp (°C) ΔH (J/g) Tp (°C) ΔH (J/g) 

 

PRF 

1 116 (±2) 111 (±21) 113 (±2) 116 (±36) 112 (±7) 46 (±25) 

2 117 (±1) 70 (±16) 117 (±1) 72 (±10) 116 (±1) 100 

(±11) 

 5 118 (±3) 111 (±16) 118 (±2) 110 (±22) 119 (±3) 94 (±24) 

10 120 (±3) 120 (±42) 123 (±1) 113 (±19) 120 (±3) 120 

(±42) 

Wood-PRF modifier  blends  

 

Wood-

PRF 

1 129 (±1) 40 (±2) 128 (±1) 63 (±8) 122 (±3) 46 (±1) 

2 133 (±2) 51 (±3) 130 (±2) 54 (±3) 99 (±10) 44 (±4) 

5 134 (±3) 40 (±6) 127 (±1) 87 (±13) 124 (±2) 44 (±8) 

10 137 (±2) 42 (±15) 134 (±2) 63 (±11) 128 (±5) 47 (±8) 

Note: Standard deviation in parentheses 

Thermal stability of the cured PRF, modified PRF and mdofied PRF-wood blends 

were determined using TGA. The TGA and DTG curves of the cured blends are shown in 

Figure 5.5a to 5.5h. The Tonset, DTG max peak and residual weight at 800 oC and values for 

the TGA/DTG peaks are given in Table 5.5. The Tonset of neat PRF was at 300 °C and 
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decreased to 272 °C with the addition of 50% wood. With the presence of 5% and 10% 

denim the Tonset shifted to 281 and 282 °C, respectively. For PRF-BMES mixes, Tonset 

occurred from 282 °C to 328 °C, but reduced with the addition of wood fibers to 266 – 277 

°C. A similar phenomenon was observed for the PRF-GCS blends with a Tonset of 252 – 260 

°C  and decreased in the presence of wood to 237 - 266 °C.  The Tonset for the modified PRF 

mostly increased with increasing modifier content and wood content, except for wood-denim 

composites. Modified PRF samples had the highest residual weights from 44 to 59% in 

comparison to all modified wood-PRF blends with residual weight between 34 to 59%. This 

is because the cellulosic components of wood degrade at a lower temperature. The mass loss 

for modified PRF-wood blends increased with the addition of wood for all composite 

samples [469].  

   

  

(a) 

(b) 

(c) 
(d) 
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Figure 5.5: Thermograms showing (a) TGA and (b) DTG for neat PRF, wood-PRF (control), 

5% and 10% denim blend; (c) TGA and (d) DTG for PRF-BMES and Wood-BMES-PRF 

blends; (e) TGA and (f) DTG for PRF-GCS and wood-PRF-GCS blends; (g) TGA and (h) 

DTG of PRF-SCO blends and Wood-PRF-SCO blends 

From the DTG curves (Figure 5.5b,d,f,h), thermal degradation took place at different 

stages depending on the modifier used. In general, degradation occurred in three stages. The 

first stage was for components that degraded below 150 °C and  associated with water and 

volatile components. For the wood-PRF modified blends with denim fibers which are 

cellulosic, degraded in the same range as wood between 200 °C  and 500 °C [469]. Modified 

PRF with BMES showed two degradation peaks. The first major peak was because of the 

degradation of phenolic components while the second peak from 500 to 800 °C was due to  

calcium carbonate degradation. With the BMEs-PRF wood-blends, wood was seen to 

degrade (large DTG peak) between 250 °C and 450 °C. GCS modified PRF samples had 

(e) (f) 

(g) 
(h) 
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major DTG peaks that were shifted to lower temperatures due to starch and decomposition 

between 250 °C and 400 °C.  

Table 5.4: TGA thermogram data (Tonset, min and max DTG peak, and residual weight at 800 

°C)  for unmodified and modified PRF and WPRF blends 

Composition (%)  Major onset Tonset 

(°C) 

Min and Max DTG 

Peak (°C) 

Residual at 800oC 

(%) 

PRF – BMES blends  

1%  BMES 284 (±5) 344 (±4), 554 (±4) 48 (±2) 

2%  BMES 320 (±6) 362 (±7), 587 (±3) 54 (±1) 

5%  BMES 282 (±9) 347 (±7), 565 (±14) 49 (±0) 

10%  BMES 328 (±9) 361 (±7), 588 (±3) 59 (±2) 

PRF – GCS blends 

1% GCS 253 (±7) 329 (±13), 562 (±9) 51 (±2) 

2% GCS 260 (±5) 309 (±5), 552 (±8) 51 (±2) 

5% GCS 255 (±1) 299 (±2.5), 554 (±0.7) 49 (±0.8) 

10% GCS 252 (±6) 295 (±0.2), 558 (±1.4) 48 (±1.5) 

PRF – SCO blends 

1% SCO 279 (±3) 345 (±0), 544 (±4) 52 (±4) 

2% SCO 300 (±4) 357 (±1), 567 (±7) 51 (±2) 

5% SCO 296 (±3) 336 (±3.4), 524 (±0.9) 50 (±1) 

10% SCO 355 (±7) 354 (±10), 434 (±6.0) 44 (±1) 

Wood-PRF BMES blends 

1%  BMES 285 (±5) 339 (±2), 560 (±15) 37 (±1) 

2%  BMES 278 (±5) 338 (±0), 554 (±20) 35 (±1) 

5%  BMES 276 (±0) 338 (±1), 573 (±11) 38 (±1) 

10%  BMES 275 (52) 339 (±6), 558 (±37) 37 (±1) 

Wood-PRF GCS blends 

1% GCS 260 (±8) 336 (±2), 606 (±2) 36 (±0) 
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2% GCS 266 (±0) 337 (±1), 579 (±3) 35 (±0) 

5% GCS 237 (±1) 338 (±1), 663 (±6) 35 (±0) 

10% GCS 262 (±3) 341 (±0), 537 (±8) 34 (±0) 

Wood-PRF SCO blends 

1% SCO 279 (±8) 340 (±2), 540 (±69) 37 (±0) 

2% SCO 276 (±6) 339 (±1), 556 (±38) 36 (±0) 

5% SCO 283 (±2) 337 (±1), 553 (±43) 35 (±1) 

10% SCO 291 (±6) 339 (±1), 471 (±38) 34 (±1) 

Wood – PRF blends 

100% PRF 300 (±4) 362 (±2), 580 (±2) 51 (±3) 

50% PRF 272 (±8) 336 (±2) 37 (±2) 

5% DENIM 281 (±2) 338 (±1), 551 (±7) 36 (±1) 

10% DENIM 282 (±7) 339 (±2), 537 (±1) 37 (±2) 

Note: Standard deviation in parentheses 

5.4.6. Extrusion  

The extrudability of the various blended modified PRF-wood formulations were 

examined using a single screw extruder. Figure 5.6 shows extruded 10% BMES-PRF-wood, 

10% SCO-PRF-wood and 10% GCS-PRF-wood formulations. All PRF-wood and modified 

PRF-wood formulations were successfully extruded into a rod and suitable for AM.  

However, extrusion of denim reinforced wood composites with 5% and 10% was not feasible 

and it clogged the die as well as  screw-barrel. This is most likely due to the fiber length (3-

5mm) and  high aspect ratio of the denim fibers (100-130) which can be readily entangled 

thus making it difficult to process. Thermoset composites with long fibers will require a 

twin-screw extruder to compound and extrude the material for AM purposes.  

 

Table 5.4 cont’d 
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Figure 5.6: Photographs of successful extrusion runs of wood-PRF blends with the addition 

of modifiers showing (a) 10% SCO and (b) 10% BMES and (c) 10% GCS composites 

5.4.7. Flexural Properties 

The flexural properties (FS and FM) of the modified PRF and composites prepared by 

compression molding were determined to establish possible applications (Figure 5.7). The FS 

for wood-PRF composites was 44 MPa and the FM was 3.6 GPa. Both the FS and FM of the 

wood-PRF composites increased with the addition of the modifiers BMES, GCS, SCO, and 

denim fibers. BMES-PRF-Wood composites had FS values between 56 MPa and 64 MPa, 

higher than the wood-PRF composites because of the reinforcing modifier. FM for the 

BMES-PRF-wood composites were between 3.9 GPa to 4.2 GPa. BMES has been shown to 

improve mechanical properties of composites even at low loadings  when used as 

reinforcements and this has been observed in the literature [470], [458]. The mechanical 

properties of concrete were shown to improve with incorporation of egg shells [139]. The 

GCS modifier improved the PRF-wood composites FS and FM between 42 MPa to 58 MPa 

(b) 

(c) 

(a) 
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and 3.2 GPa to 4.2 GPa, respectively. The modifier SCO also improved FS (41 MPa to 50 

MPa) and FM (3.3 GPa to 3.9 GPa)  of the wood-PRF composites. GCS-PRF-wood 

composites exhibited the highest FS (58 MPa) and FM amongst all other modifiers. The 

gelatinization properties of corn starch help to bind the wood fiber and PRF resin matrix 

contribute to the increased mechanical properties [471].  

Wood-PRF composites incorporating denim fibers improved the FS to 53 MPa and 

FM of 3.7-3.9 GPa. The presence of long fibers mixed with the short wood fibers creates 

better mechanical properties because of the fiber entanglement and mechanical interlocking 

to enhance the composite properties [472], [430]. 

 

 

Figure 5.7: Flexural properties showing (a) modulus and (b) flexural strength for 

compression molded modified and unmodified wood-PRF composites 
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The extruded PRF-wood composite formulations were tested for their flexural 

properties (FS and FM) as shown in Figure 5.8. The FS and FM for the extruded wood-PRF 

composites were generally greater than the compression molded composites. The process of 

extrusion is likely to enhance the properties by improving the penetration of the resin into the 

wood fibers thus improved mechanical interlocking and stress transfer between the fiber and 

resin matrix [473], [474], [475]. For the extruded wood-PRF blends, have a FS of 65 MPa 

and FM  of 5.5 GPa and these were 27% and 34% higher in comparison to the compression 

molded composites.  

For the extruded wood-PRF-BMES samples, the FS were between 55 MPa and 68 

MPa (10% BMES) having the highest FS in comparison to the other modified PRF-wood 

composites. FM values for the BMES modified PRF-wood composites were between 4 GPa 

(2% BMES) and 6 GPa (10% BMES). Increasing the amount of BMES improved the 

bonding between the fiber and matrix and thus better stress transfer from matrix to the fibers 

in the composites [476], [477].  

The GCS modified PRF-wood composites had FS values between 58 MPa and 65 

MPa and FM between 4.6 GPa and 4.9 GPa. FS (9-26%) and FM (9-44%) values were higher 

for the extruded composites as compared to the compression molded composites. GCS 

improved the extrudability (visual observation) of the PRF-wood mixture and easier to flow 

through the die and this phenomenon has been previously observed [478], [479].  

SCO modified PRF-wood composites exhibited the lowest FS properties (45 MPa and 

61 MPa) for the extruded blends in comparison to the other modifiers used. This is likely due 

to the SCO being a good emulsifier and lubricant. FS values were shown to reduce with SCO 

content. The FM were between 4.5 GPa and 4.8 GPa and these values were higher (15-45%) 

than the compression molded composites.  .  
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Figure 5.8: Flexural (a) modulus and (b) strength of extruded modified and unmodified PRF-

wood composites 

5.5. Conclusion  

This study successfully modifed a PRF resin system with either BMES, GCS, SCO 

and reinforced it with 50 wt.% wood and denim fibers to form composite materials. Good 

shear thinning behaviors of the formulations were obtained via rheology for all PRF blends 

with and without reinforcemnt. Exothermic curing peak temperature from DSC for the 

modifed PRF blends was higher that the unmodified PRF sample. This also affected the 
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modified wood blends cause a shift to higher temperatures for all blends. The effect of the 

modifying agents was seen in the results of the mechanical properties of the cured samples. 

FS and FM increased for the compression molded modified PRF-wood blend in all cases. 

Thermal stability Tonset and residuals were optimal for modifed PRF wood composites and 

residuals reduced with the addition of wood. Extrusion of modified PRF-wood blends was 

successfully performed with all modifiers except for the denim fiber addition. Mechanical 

properties of the extruded modified PRF-wood composites were higher than the compression 

molded composites. This study is a proof of concept that modifiers improve the rheological 

(flowability), thermal and mechanical properties of PRF-wood composite systems and can be 

applied in AM applications.  
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Chapter 6: Conclusion, Limitations and Future Recommendations 

6.1 Conclusion 

From the stated objectives, and with the four detailed research projects in this 

dissertation, high filler loaded thermoset composites have been successfully fabricated and 

extruded for potential use in AM. Firstly, a geo-based binder SS was successfully used to 

fabricate composites with wood fiber reinforcements of different composites. Fabricated 

composites possessed good thermal, rheological and thermal stability properties which varied 

with wood content. Composites are extrudable and are currently being used in AM.  

Secondly, two commercially purchased thermosets; PRF and UF were used to produce 

composites using wood fiber as reinforcement. Curing kinetics of both resins in the presence 

of wood and without wood were successfully determined. PRF and its composites showed 

low curing peak temperatures with low kinetic parameters.in comparison to the UF and it 

composites. This validates the goal of the investigation for low energy thermosets. Thermal 

stability, flow properties and mechanical properties of the composites were also good. 

Thirdly, an alternative curing process for SS using CO2 was successfully investigated. This 

was performed under different CO2 pressure, time, particle size and curing temperatures. 

Data showed the significant effect of carbonation pressure, exposure time and particle size 

used on the mechanical properties of the cured blends. The use of low-cost modifiers of 

GCS, BMES and SCO were also successfully utilized in the flow optimization and 

mechanical properties of wood-PRF composites. Denim fibers were used as long fiber 

substitute for the wood in different percentages. Shear thinning properties were enhanced and 

suitable for extrusion. Feasible extrusion of these blends showed the workability of the 

modifiers with the wood and thermosets. Overall, there was a lot of research gap covered in 

this project with respect to the rheological, thermal, mechanical properties of thermosets and 

wood, denim fillers for use in future applications of AM.  

6.2 Limitations and Future Recommendations 

 The use of thermosets for the fabrication of high filler loading composites in this 

study has covered some immense gap in research that has been shied away from, but a few 
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gaps will still need to be covered in future studies. Limitations to this area of study include, 

the absence of twin screw extruders specifically for compounding high filler loadings, and 

the availability of diverse binder options. Cold setting resins like PRF and geo-based resins 

of SS might have worked in this research, but the process cannot be applied to all types of 

resins or thermosets. In depth knowledge and research about other thermosets will have to be 

explored for a process like this. Controlled temperature environment for sensitive thermosets 

is essential for fast setting thermosets like PRF used in this study to avoid premature curing 

clogged extruder barrels. 

 Since PRF is a two-part resin system, a future recommendation would be to reduce 

the catalyst content to moderate the curing behavior and control the deposition rate of the 

extruded material. Biobased thermosets that have good properties can be mixed with PRF to 

obtain hybrid forms of the thermosets that will enhance the properties of the thermosets, and 

the composites fabricated. Other kinds of biobased or ecofriendly thermoset-like adhesives 

like SS should be considered for this type of study as well as other natural fibers and nano 

based reinforcements. Waste textiles are also a great option for reinforcement to help 

minimize waste. Integrating laboratory scale extruders to a 3D printer platform is the next 

step in understanding the AM process for these types of resin systems.  
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Appendix A 

 

Figure A2.1: Herb Grinder 

 

Figure A2.2: Hamilton Beach Food Processor 

 
Figure A2.3: Custom-built large capillary rheometer schematic: (1) Plunger, (2) Top Plate, 

(3) Frame Leg, (4) Barrel, (5) Capillary Die, (6) Base Plate. 
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 Figure A2.4: Schematic diagram of the developed screw extruder (1) NORD Motor, (2) 

Shaft Adapter, (3) Bearing Block, (4) Hopper, (5) Barrel, (6) Die, (7) Base, (8) VFD. 

 

Figure A3.1: Wood-resin extruder setup 

 

Figure A3.2: Gʹ and Gʺ plots versus temperature for (a) neat PRF resin and (b) neat UF resin 
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Figure A3.3: Full scale MDSC thermograms showing non-reversible heat flow curves for (a) 

neat PRF and wood-PRF blends and (b) neat UF and wood-UF blends at four different 

heating rates 

 

 

 


