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Abstract 
 

 

Liquid Composite Moulding (LCM) processes are commonly used techniques for 

the manufacture of fibre reinforced plastic components. The range of LCM 

processes addresses manufacturing scenarios from low to high volume. This study 

explores the potential of natural fibres as reinforcement for LCM preforms, 

considering discontinuous fibre mats produced using several novel methods.  

Modified paper manufacturing techniques were employed to produce two types 

of wet formed wood fibre mats, the other two being manufactured using dry 

methods. The natural fibre reinforcements considered in this study have been 

characterised with regard to permeability and compaction response, such that 

their application to a wide range of LCM processes can be evaluated. 

Reinforcement permeability and compaction response data are required to 

simulate LCM processes. 

Permeability of all four types of wood fibre mats was measured as a function of 

fibre volume fraction. The dry compaction response of these mats has been 

investigated, with the compression loads being measured up to a fibre volume 

fraction of 0.4. A complex non-elastic compression response was observed which 

has significant influence on forces generated within moulds. Saturated compaction 

tests were also carried out, the samples infiltrated with a test fluid (mineral oil). 

These results were compared to typical glass fibre mats used for LCM processes. It 

was found that the wood fibre mats have permeability two orders of magnitude 

lower, and required significantly larger force to compact to at similar fibre volume 

fractions as compared to glass fibre reinforcements. 
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Model fluids are used extensively for LCM characterisation experiments because 

of ease of handling and chemical stability. The influence of test fluid type on 

permeability and compaction response of four manufactured wood fibre mats has 

been determined using two different test fluids, a water based polar fluid (glucose 

syrup) and a non polar fluid (mineral oil). It was found that glucose syrup caused 

fibre softening and swelling which reduced the required compaction loads, and 

permeability of a wood fibre mat. On the other hand, mineral oil did not cause any 

fibre softening and swelling. 

The effect of geometrical parameters such as reinforcing fibre bundle diameter and 

length on characterisation was also determined. Six different types of flax fibre 

yarn mats were manufactured. A series of compaction tests were carried out on 

both dry and saturated samples. Saturated permeability was also measured at a 

number of fibre volume fraction levels. The fibre bundling reduced compaction 

forces and increased permeability of a mat. Composite panels were manufactured 

using an epoxy resin to visualise the penetration of resin into yarns and fibre cells.  

The reinforcement permeability and compaction response data were used to 

model two LCM variants, Resin Transfer Moulding (RTM), and Injection 

Compression Moulding (I/CM). A consolidation model approach was applied to 

simulate both RTM and I/CM processes, addressing a simple mould geometry. 

The RTM and I/CM clamping force traces, flow rates, and gate pressures were 

also measured. The simulation results have been compared with experiments 

completed for wood and glass fibre reinforcements at three different fibre volume 

fractions. It was found that at similar fibre volume fractions, the wood fibre mats 

produced longer mould filling times, and required larger forces to compact.  
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CHAPTER 11 

 

Introduction 

 

1.1 Research Goals 

This project highlights how natural fibre reinforcements can be developed to 

improve the suitability for application to a variety of Liquid Composite Moulding 

(LCM) processes. The aim of this project was manufacture and characterisation of 

natural fibre reinforcements, addressing various issues that are vital for modelling 

LCM Processes. The following are the major goals for this study; 

1- Manufacturing of natural fibre mats using novel techniques.  

2- Permeability and Compaction characterisation of the manufactured mats for 

application to common LCM processes. 

3- Improvement of typically low permeability and high compaction response of 

natural fibre reinforcements, such as influence of the fibre bundle length and 

diameter on characterisation. 

4- Completion of LCM experiments to verify the findings of characterisation 

studies. 

5- Modelling common LCM processes addressing simple mould geometry.        

1.2 Background 

A Fibre Reinforced Plastic (FRP) is made by combining fibres and matrix material 

together to give a unique combination of properties. The constituent materials are 
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different at molecular level and are mechanically separable. Over the past few 

decades, FRP’s have replaced many of the conventional materials in various 

applications, finding uses in fields as diverse as sporting goods, construction, 

automotive, and spacecraft. FRP’s offer numerous advantages over conventional 

materials, the most important being ease of processing, low weight, and low cost. 

The properties of FRP’s can be modified by using different variety or types of 

fillers and fibres to suit the strength and modulus requirements of a particular 

application. The most common reinforcing fibres are composed of inorganic 

materials such as glass, carbon and aramid.  

Producing conventional composite structures from synthetic resins being 

reinforced with glass, aramid, and carbon fibres has issues with respect to 

environmental awareness and constraints of legislative authorities. It is also 

difficult to separate and recycle such composites due to stability of components 

bonded together. In recent years, a number of researchers have been involved in 

investigating the exploitation of cellulosic fibres as load bearing constituents in 

composite materials [1-5].  

Typical mechanical properties of interest are presented in Table 1-1. Suddell et al 

[6] presents a comparison of breaking length versus elongation, and tensile 

properties of different natural and synthetic fibres. In terms of specific strength, 

natural fibres can be compared with glass fibres. As observed, the specific moduli 

of bamboo and ramie were found to be higher than that of E-glass, whereas the 

specific modulus values of jute, flax, hemp and soft wood fibres were close to that 

of E-glass.  

The use of natural fibres in FRP’s has increased recently due to their low cost 

compared to the synthetic alternatives. However, it is found that the cost of 

natural fibres may vary depending on the place of origin, state of economy at the 

origin, and the required processing of raw fibres into usable form for different 

industries [2]. Natural fibres are hydrophilic in nature, which decreases the 

compatibility with hydrophobic polymeric matrices during composite 
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manufacturing. Moreover, properties of natural fibres vary with location, origin 

and age of the plant. However, biodegradability, and the fact that they compete 

well in terms of specific stiffness and strength, natural fibres are still attractive 

alternatives for synthetic fibres.   

Table 1 - 1 Different fibre properties [6]. 

Fibre 
Diameter 
Range 
(µm) 

Density 
(g/cm3) 

Elongation 
at break 
(%) 

Tensile 
strength 
(MPa) 

Young’s 
modulus 
(GPa) 

Specific 
modulus 

(GPa) / 
(gcm-3) 

Cotton 12-13 1.5 7.0-8.0 287-597 5.5-12.6 3.7-8.4 

Jute 10-25 1.3 1.5-1.8 393-773 26.5 20.4 
Flax 5-38 1.5 2.7-3.2 345-1035 27.6 18.4 
Hemp 10-51 1.4 1.6 690 35 25 
Sisal 8-41 1.5 2.0-2.5 511-635 9.4-22.0 6.3-14.7 
Coir  1.2 30.0 175 4-6 3.3-5 
Bamboo  0.8 - 391-1000 48-89 60-111.25 
Soft Wood  1.5 - 1000 40 26.7 
Pineapple  - 1.6 413-1627 34.5-82.5  
Ramie 11-80 1.5 3.6-3.8 400-938 61.4-128.0 41-85.3 

E-glass 10 2.5 2.5 
2000-
3500 

70 
28 

S-glass 10 2.5 2.8 4570 86 34.4 
Aramid 
(normal) 

12 1.4 3.3-3.7 
3000-
3150 

63-67 
45.0-48.0 

Carbon 
(standard) 

7-10 1.4 1.4-1.8 4000 230-240 
164.3-
171.4 

 
 

1.3 Natural Fibre Reinforced Plastics (NFRP) 

1.3.1 Biodegradable Matrices 

Increasing environmental awareness around the world has influenced the design 

and manufacture of materials compatible with the environment. “Biocomposites” 

are produced by combining natural reinforcing fibres with biopolymer matrices 

such as Poly Lactic Acid (PLA), cellulose acetate, and starch etc. The resulting 

biocomposites are biodegradable because both the reinforcement and matrix are 

biodegradable. Biopolymers do not have (as yet) the mechanical and thermal 
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properties comparable to synthetic polymers for structural applications [7]. 

Developing polymers based on natural resources for high strength applications is 

a topic of ongoing research [8, 9]. 

1.3.2 Synthetic Matrices 

Natural fibres are also reinforced with synthetic polymers to produce natural fibre 

reinforced composites, which can compete with synthetic fibre counterparts in 

terms of strength of the final composite. Natural fibres are finding applications as 

reinforcement in most common thermoplastic polymers such as polypropylene 

and polyethylene, and thermoset polymers like polyester, epoxy and phenolic 

resins. Processing of natural fibre composites requires low temperature (generally 

less than 180oC) due to the possibilities of fibre degradation and volatile emissions 

that may affect properties of the final composite [10-12]. Therefore, strong 

motivation exists to study low temperature manufacturing techniques for the 

production of NFRP’s.  

1.3.3 Properties of NFRP’s 

Natural fibres when used as reinforcement may compete with synthetic fibres. 

However, the mechanical and physical properties of natural fibres vary 

considerably. These properties are determined by the chemical and structural 

composition, which depend on the fibre type and its growth circumstances. 

Natural fibres are easily influenced by environmental effects such as moisture 

change; rising moisture content lowers the mechanical properties [13].  

The properties of NFRP’s also depend on a number of parameters such as fibre 

volume fraction, fibre aspect ratio and orientation, fibre and matrix adhesion, and 

stress transfer at the fibre-matrix interface. Most of the previous studies on NFRP’s 

have involved investigation of mechanical properties as a function of fibre content 

and effects of various treatments of fibres. Moisture repellence, resistance to 

environmental effects, and mechanical properties can be improved by these 
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treatments. Further improvements can be expected, so that it might become 

possible to replace synthetic fibres in FRP’s [1, 14-18]. 

Natural fibres can be chopped into various lengths before use in a composite 

manufacturing process. The fibre aspect ratio (length/diameter) is very important 

for determining the tensile and fracture properties. The critical fibre length is 

required to develop a full stressed condition in the polymer matrix [10, 19]. Fibre 

lengths shorter than the critical length lead to failure due to de-bonding at the 

interface. On the other hand, fibre lengths greater than the critical length, result in 

a higher strength composite. The degree of adhesion, fibre pullout, and a 

mechanism to absorb energy are some of the parameters that can influence the 

impact strength of NFRP’s [1].  

 

1.3.4 Applications of NFRP’s 

Various applications of natural fibres as reinforcement in FRP’s have proved 

encouraging. Traditionally wood fibre composites reinforced in thermoset matrix 

have been manufactured for the application of fibreboards, particleboards, 

chipboards, and light structures. The fibreboard industry mainly produces flat 

sheet products. In some cases, these flat sheets are cut into pieces and glued or 

fastened together to make products, such as drawers, boxes, furniture, or 

packaging. As an alternative to making flat sheet composites, it is possible to make 

complex shaped moulded composites using different mat making techniques, such 

as woven textiles, non woven needling, and paper manufacturing methods [20] 

etc. These moulded composites can be used for structural or non structural 

applications. Various complex structures, i.e., tubes, sandwich plates, car door 

interior paneling are being made using natural fibres. A new product incorporates 

resin made from soy bean oil reinforced with glass fibres has been developed at 

the University of Delaware, and used on new tractors produced by John Deere. 
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Several NFRP’s have achieved the mechanical properties of glass fibre composites, 

and are already in applications, e.g. in the automobile and furniture industries. 

Today, car manufacturers are applying NFRP’s in interior parts such as door 

panels, trunk liners, instrument panels, and interior roofs etc (see Table 1-2 for 

details).  Other than automobiles, the potential application of NFRP’s is in train, 

aircraft, irrigation systems, furniture, sports and leisure items.  

Table 1 - 2 Automotive manufacturers, car models, and components utilizing 
natural fibres [6]. 

Car manufacturer Model and application 

Audi A2, A3, A4, A4 Avant, A6, A8, Roadster, Coupe: seat 
backs, side and back door panel, boot lining, hat rack, 
spare tyre lining.  

BMW 3, 5, and 7 series and others: door panels, headliner 
panel, boot lining, seat backs.  

Daimler Chrysler A, C, E, and S-series: door panels, 
windshield/dashboard, business table, pillar cover 
panel.  

Fiat Punto, Brava, Marea, Alfa Romeo 146, 156. 

Ford Mondeo, CD 162, Focus: door panels, B-pillar, boot liner. 

Peugeot New model 406. 

Renault Clio. 

Rover Rover 2000 and others: insulation, rear storage 
shelf/panel. 

Saab Door panels. 

SEAT Door panels, seat backs. 

Vauxhall Astra, Vectra, Zafira: headliner panel, door panels, pillar 
cover panel, instrument panel. 

Volkswagen Golf A4, Passat, Bora: door panels, seat back, boot lid 
finish panel, boot liner. 

Volvo C70, V70. 
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1.4 Processing of NFRP’s 

 

1.4.1 Thermoplastic Matrix Composites 
 

Previous researchers have used thermoplastics as matrix materials for natural 

fibres quite extensively [1, 3, 10, 15, 17, 21, 22]. The processing of natural fibre 

thermoplastic composites most commonly involves mixing of the ingredients 

above the melt temperature of the matrix, followed by shaping operations such as 

extrusion, injection moulding, and thermoforming. Fibre/fibre interactions as well 

as fibre/matrix interactions play a crucial role in determining the properties of 

such composites. Many times, the observation has been made that these fibres do 

not function as an effective reinforcement system due to poor adhesion at the 

fibre/matrix interface. Cellulose based fibres also tend to aggregate [13] and 

therefore the hydrophilic fibres do not disperse well in a hydrophobic polymer 

matrix, and thus pose difficulties in achieving a uniform distribution of fibre in the 

matrix. The pre-treatment of the fibre (such as with an alkaline solution) can lead 

to good dispersion and significantly improved mechanical properties of the 

resulting composite [18]. 

1.4.2 Thermoset Matrix Composites 

Natural fibre reinforced thermosets are processed by techniques such as wet hand 

lay-up, cold/hot press moulding, and Liquid Composite Moulding (LCM). Other 

methods such as pultrusion and rotational moulding [23] have also been 

attempted, but their use for natural fibre composites is reported very rarely in 

literature. In general, the reinforcements are impregnated with the thermosetting 

resins and then exposed to increased temperature to promote the cure reaction.  

Reinforcement can be obtained in many different forms (sliver, non-woven felted 

mats, and woven fabrics). The manufacturing process adopted and the type/style 
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of reinforcement used may affect the reinforcement orientation and fibre volume 

fraction. Hull and Clyne [24] state that, during manufacture the following three 

objectives relating to the microstructure of the composite are important: 

• Fibres are well wetted with resin, 

• Reinforcement is evenly distributed, 

• Fibres are correctly aligned. 

The following are common techniques adopted for manufacturing thermoset 

matrix composites. 

Wet hand lay-up: 

Hand laminating is one of most common and simple forms of composite 

fabrication [23]. The method involves the mixing of resin by hand and application 

with a brush or roller to a mould containing reinforcement as shown in Figure 1-1. 

After the application of a release agent, layer of neat resin referred to, as a ‘gel 

coat’ is usually applied to the mould and allowed to partially set. Alternating 

layers of reinforcement and resin are then added and consolidated with hand 

rollers. Air bubbles are removed by the action of rolling, thus the quality of 

composite is dependent on the skill of the laminator. Composites manufactured in 

this manner can consist of many layers to obtain the thickness required. During 

manufacture, layers can be allowed to gel before adding successive layers. The 

addition of core materials, metal inserts and ribs is possible during fabrication. 

After laminating and resin cure, the composite is removed from the mould. 
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Figure 1 - 1 Schematic of wet hand layup process. 
 

Sheet Moulding Compound (SMC): 

Sheet Moulding Compound (SMC) is a low cost compression moulding 

technology, and is used for high volume production. SMC is a sheet of ready to 

mould composites containing uncured thermosetting resins, and uniformly 

distributed short fibres and fillers. It primarily consists of polyester or vinylester 

resin, chopped fibres, fillers, additives, and other materials. The purpose of adding 

fillers is to reduce the overall cost, increase dimensional stability, and reduce 

shrinkage during moulding [23]. A release agent is applied to the mould, for easy 

release after compression moulding. SMC is cut into required dimension and 

placed in the mould cavity for compression moulding. During moulding, suitable 

temperature and pressures are applied to spread the charge into the cavity and 

cure it.  

Bulk Moulding Compound (BMC): 

Bulk Moulding Compound (BMC) is a compound that is in log or rope form. It is 

also known as dough moulding compound. BMC is obtained by mixing the resin 

paste with fibres and then extruding the compound in log or rope form. BMC 

generally contains 15-20% chopped fibres in polyester or vinylester resin. The 
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extruded log is cut to length, depending on the requirement and placed into a 

mould cavity for compression moulding, as shown in Figure 1-2.  

 

1) Placement 

of Charge

5) De-moulding
3) Squeeze to

final dimensions

2) Mould Closure 4) Matrix Solidifies

1) Placement 

of Charge

5) De-moulding
3) Squeeze to

final dimensions

2) Mould Closure 4) Matrix Solidifies
 

 
 

Figure 1 - 2 Schematic of a BMC. 
 

Prepreg Fabrics:  

Prepregs are reinforcing fabrics supplied with solid catalysed resin present within. 

Layers are cut to shape, and placed on the mould (Figure 1-3), which defines part 

shape. Heat and pressure are applied, the resin melts, and part consolidates. The 

temperature is raised further to initiate cure.   
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Figure 1 - 3 Schematic of Prepreg Layup. 
 

Liquid Composite Moulding (LCM): 

Liquid Composite Moulding (LCM) processes have evolved as attractive methods 

for producing composite components for a wide variety of industries, including 

manufacture of NFRP’s. Being the focus of this thesis, detailed description of 

common LCM processes is given in the following sections. 

1.5 Liquid Composite Moulding Processes 

LCM processes were in use during the early 1950s in a variety of industries as 

advances on hand laminating process. LCM processes offered the major advantage 

of providing two moulded faces on the part, whilst operating at modest resin 

pressures. Applications generally remained few through the 1950s and 1960s with 

some interest during the 1970s for fabrication marine and recreational parts. 

Significant development work began during the 1980s with the introduction of 

structural and semi-structural parts for automotive, defence, sports and, aircraft 

industries [25, 26].  

The term LCM covers a wide range of composites manufacturing processes. A 

generic LCM process can be broken into five basic steps, as shown in Figure 1-4. 
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The steps involve placement of a fibrous reinforcing material within some form of 

closed mould. The fibrous material, or preform, is then compacted before being 

impregnated with a thermoset resin. The preform offers resistance to compaction 

and flow (quantified by permeability), which has great influence on tooling forces 

and time required to fill a mould. Once the mould is filled, cure of the thermoset 

polymer is initiated, and the part is removed from the mould when rigid enough. 

Both permeability and the compaction behaviour of reinforcements are vital for 

the modelling of LCM filling processes.  

The need for greater process control, less environmental impact (less emission of 

styrene), production, and automation are some of many reasons driving various 

industries towards implementation of LCM processes [25]. Variations of the basic 

LCM process are continually being developed depending upon the general 

application and quality requirements. Some of the popular LCM processes 

currently used by industry include Resin Transfer Moulding (RTM), Resin 

Infusion (a.k.a. Vacuum Assisted RTM), RTM Light, and Injection Compression 

Moulding (I/CM). 

 

1) Preform 

Manufacture
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5) De-moulding
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2) Preform
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4) Resin Cure

 
 

Figure 1 - 4 Schematic diagram of a typical LCM process. 

1.5.1 Resin Transfer Moulding (RTM) 
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Of all the LCM processes, RTM has received the majority of attention in the 

literature. The RTM process has been the focus of many researchers in academia 

and industry [26]. Several process simulation codes are being developed to predict 

process cycle times, and the required resin injection pressures [27]. RTM has 

gained popularity in industry due to the potential for high productivity, 

component quality, and surface finish. RTM uses matched moulds to contain the 

preform. A liquid polymer resin (often a thermosetting resin) is injected into the 

mould under pressure as shown in Figure 1-5.  

The attribute that differentiates RTM from other LCM processes is the use of 

heavy moulds that do not deflect under process conditions [27]. When 

reinforcement undergoes compaction during mould closing, the reinforcement 

exerts pressure on the tooling. Moreover, the subsequent injection phase 

introduces an additional fluid pressure component, further adding to the total 

mould force. As a result, the moulds are usually constructed of steel or aluminium 

to prevent deflections under these high loading conditions. The use of heavy 

moulds assures constant cavity thickness of the final composite part.  

The advantages of RTM make it attractive to many industries, but the requirement 

of heavy, matched moulds, and robust support presses prevent many small 

industries from implementation due to high capital expenditure. As a result, RTM 

has traditionally been reserved for medium to high production volume 

components or high value added industries such as automobile, aerospace, and 

defence. 
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Figure 1 - 5 Schematic diagram of a typical RTM process. 

1.5.2 RTM Light 
 

To utilize the benefits of RTM while at the same time reduce initial investment, 

variations on RTM have been developing in which rigid moulds are replaced with 

less robust or even flexible moulds. For example, matched, two sided moulds can 

be constructed out of thinner aluminium, fibre glass or even plastic. Industries 

with low to medium production runs have utilized RTM Light for the production 

benefits of RTM while requiring lower capital investment. 

1.5.3 Injection/Compression Moulding (I/CM) 
 

The I/CM process has evolved from RTM as the requirement to reduce process 

cycle times grew [28]. For I/CM, once the preform is placed, the mould is closed to 

an initial cavity thickness. Resin is introduced into the mould cavity through 

injection gates, this process being halted once the required volume has been 

injected. At this point all gates are closed, and the mould platens are brought 

together in a controlled manner, driving the resin through the remaining dry areas 

of the preform, and compacting the laminate to the final cavity thickness, as 

shown schematically in Figure 1-6.  
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The common perception is that I/CM offers potential for reductions in fill time as 

compared to RTM, and/or a reduction in the clamping force applied to the mould 

during filling [29]. By introducing the resin into the mould cavity before the 

reinforcing material is fully compressed, the initial flow resistance offered by the 

preform is reduced and final fibre volume fractions that would possibly require 

very long fill times using only positive injection pressure alone are achievable.  

The I/CM process has not seen the same extent of research as the RTM process, 

and few attempts [30-37] to model the forces exerted on tooling during either of 

the processes have been made.  The RTM and I/CM processes have been 

successfully implemented in the automotive and aerospace industries to 

manufacture high tolerance composite components. Significant reductions in 

materials wastage and manufacturing cycle times have been reported [38]. 

1.5.4 Resin Infusion 
 

The Resin Infusion process (a.k.a Vacuum Assisted RTM) is executed on single 

sided moulds, and has been utilized to manufacture medium to very large 

composite structures [25]. A classic rigid male or female mould can be used; the 

other side of the mould is a sealed flexible bag, which permits the application of 

vacuum on the preform. The vacuum provides compaction pressure, and driving 

force for resin flow through the preform.  
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A simple resin infusion process comprises of three basic phases; pre-filling, filling, 

and post-filling as described in the schematic Figure 1-7. In the pre-filling phase, 

the preform is compacted by the applied vacuum while the injection gate is still 

closed. The filling phase is initiated by opening the injection gate, the resin being 

sucked from the resin pot, saturating the preform. Once the preform is completely 

saturated with resin, the injection gate is closed and the preform is allowed to cure 

during the post filling phase. 

Resin Infusion is a low cost process, providing good mechanical properties to the 

final composite. With Resin Infusion, the porosity of the final part is low and the 

fibre volume fraction is higher and more homogeneous than with wet hand lay-up 

[23]. This process is often chosen to permit good repeatability of manufactured 

parts such as boat hulls, and wind turbine blades.  
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Figure 1 - 6 Schematic diagram of a typical I/CM process. 
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Figure 1 - 7 Schematic diagram of a typical Resin Infusion process. 
 

1.6 LCM Process Modelling 

RTM has been studied extensively in terms of numerical models, process 

optimization, and process control [27, 39-45]. Many process simulations have been 

presented that predict filling times, pressures, and cure cycles with good success. 

Since mould cavity thickness does not change with time, material assumptions 

and continuity laws can be simplified, resulting in efficient numerical models for 

the detailed study of the RTM process. Modelling an I/CM process is more 

challenging due to the larger number of process variables, that need to be 

optimized for a successful simulation.  

For both RTM and I/CM, a complete tooling force analysis will lead to more 

efficient mould design, and the design of optimized cycles that maximise the use 
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of available processing equipment. Simple mould filling simulations for RTM and 

I/CM processes have been developed here to predict the, total mould clamping 

forces, progress of resin within a mould, determining times to fill, and the resin 

pressure developed within.  

1.6.1 Flow Analysis 

Several simulations have been developed in the past to model resin flow through a 

fibre preform. Practice has converged on the use of Darcy's law to describe such 

flow. Darcy's law relates flow rate to the pressure gradient, through the fluid 

viscosity and the fibre preform permeability. Darcy's law may be expressed in the 

following tensorial form; 

P∇⋅−= Kv
µ

1
,               (1.1) 

where v is the volume averaged Darcy velocity, the velocity one observes on a 

macroscopic scale, µ  is the viscosity of the fluid, P is the pressure gradient, and K 

is the permeability tensor of the porous medium. Here the fluid is assumed to be 

Newtonian. The permeability tensor is critical information needed to perform a 

filling simulation, and can be characterised as a function of the preform 

architecture and porosity. Many parts produced by LCM processes have the 

thickness dimension much smaller than the in-plane dimensions. Many 

simulations have been developed to take advantage of the simplicity of these 

flows, neglecting flow out of plane, and averaging properties through the 

thickness [39, 46, 47]. A two-dimensional form of Darcy's law can be expressed in 

matrix form as follows; 
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Equation 1.1 is combined with conservation of mass to give the governing 

equation for fluid pressure within the mould. More details will be provided in 

Chapter 7. 

Reinforcement Permeability 

Permeability is a measure of the resistance to fluid flow offered by the 

reinforcement. Permeability is a strong function of the reinforcement fibre volume 

fraction and architecture. In general, permeability is a tensor quantity, as flow 

resistance can be dissimilar in different directions. The permeability tensor in a 

three dimensional system of coordinates takes the following form; 

If the reference frame is rotated such that Kxy = Kxz = Kyz = 0, and if the permeability 

tensor is orthotropic, then Kxy = Kyx, Kxz = Kzx, Kyz = Kzy, and the permeability tensor 

will take the following form; 

where 1, 2, and 3 are known as the principal directions, and K11, K22, and K33 are the 

principal permeabilities. K33 is referred to as “through thickness” permeability, 

and K11, K22 are called “in-plane” permeabilities. K11 and K22 are very often 

different, due to the architecture of the reinforcement. In this project, most of the 

reinforcements used are assumed to be in-plane isotropic (K11 = K22).  We assume 

that for Darcy’s law, vy = 0 and vz = 0 for one dimensional flow experiments. 
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1.6.2 Force Analysis 

LCM processes involve compressive deformation of reinforcing materials prior to 

and during thermoset resin injection. A good understanding of the through-

thickness stress-strain behaviour of the reinforcement is required to accurately 

model general LCM filling, and forces exerted on moulds. Clamping forces are 

generated by both internal resin pressure and the stress required to compress the 

fibre reinforcement. The deformation of the reinforcement is assumed to occur in 

one direction, through the part thickness. Figure 1-8 shows that a momentum 

balance relates the total stress applied to the laminate, σtot, to the local average 

resin pressure, P, and the compressive stress being carried by the fibrous preform 

skeleton, σ. We have assumed that the stress carried by the reinforcement is 

carried equally by all layers making up a preform. Local total stress is therefore 

given by the following sum,  

σσ += Ptot .                            (1.5) 

 

P

totσ

σ

 
 

Figure 1 - 8 Total pressure exerted on an LCM mould. 

Prior to arrival of resin, locally P=0, and therefore σ=σ tot . Consideration of totσ  is 

required if local and total mould clamping forces are to be calculated for any LCM 

filling process. The total clamping force that must be supplied to the mould, Fclamp, 

is considered to be a summation as follows; 
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fibrefluidclamp FFF += ,                (1.6) 

where Ffluid is the force exerted on the mould platens due to resin pressure 

generated within the mould, and Ffiber is the force required to compress the 

preform to the current fibre volume fraction. Calculated values of Fclamp will be 

compared to the total clamping force traces measured during the experimental 

studies in Chapter 7. 

1.7 Research Overview 

An overview of the thesis is described below; 

A specialised literature review is presented in Chapter 2, highlighting the work of 

other researchers in the field of natural fibres and characterisation of 

synthetic/natural fibre reinforcements for LCM processes. 

A novel approach towards manufacture of natural fibre reinforcements for LCM 

processes is presented in Chapter 3. Wood fibre reinforcement permeability and 

compaction response has been presented. The characterisation results of glass fibre 

reinforcements have also been presented in order to provide comparison to the 

wood fibre mats under investigation.  

Chapter 4 highlights the importance of test fluid type on characterisation of wood 

fibre reinforcements for LCM processes. A water based polar fluid (glucose syrup) 

representing water based resins and a non polar fluid (mineral oil) representing 

synthetic resins were used as test fluids. Both permeability and compaction 

response of manufactured reinforcements were determined. 

In nearly all synthetic fibre reinforcements, fibres are formed into bundles or tows. 

This serves to open up flow channels between bundles, increasing permeability, 

and to reduce the resistance offered to compaction, allowing higher fibre volume 

fraction composites to be manufactured. Chapter 5 presents other reinforcement 
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manufacturing parameters that have the potential to increase permeability, or 

reduce the forces required for compaction. It has been observed that permeability 

and compaction response of mats manufactured from flax fibre yarns have 

significant affect on important geometrical parameters such as reinforcing fibre 

bundle length and diameter.  

Experimental studies on RTM and I/CM filling are presented in Chapter 6, 

comparing mould clamping force traces, evolution of injection flow rates and gate 

pressures of two different types of wood fibre reinforcements. Studies on the 

influence of test fluid type on LCM experiments have also been presented in this 

chapter. 

Process models addressing very simple mould geometry shapes are used to 

estimate process parameters in Chapter 7. Different LCM process models are being 

developed within the Liquid Composites Moulding group at the Center for 

Advanced Composite Materials (CACM) [31, 48-51]. A multiple elastic compaction 

model approach has been identified to be suitable at this point as it provides good 

fits for a range of fibre volume fractions in simple manner. The model also takes 

into account stress relaxation and fibre lubrication effect, which are otherwise 

difficult to model. Chapter 7 presents LCM simulation results based on 

consolidation model approach, results being compared with experiments. 
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CHAPTER 22 

 

Literature Review 

 

Natural fibres function as reinforcement by enhancing the mechanical and 

insulative properties of the composite. Natural fibres are typically used for textiles, 

weaving, paper, and as stuffing material. A greater interest has been developed in 

recent years to use natural fibres as reinforcement in the composites industry. The 

properties of natural fibres may vary significantly, while traditional 

reinforcement’s (carbon, glass, and aramid) exhibit very little variation. Natural 

fibres can be classified by their origin, variation of their properties depending on 

the quality, location, and the age of the plant [2, 7].  

2.1 Types of Natural Fibres 

Natural fibres used in textiles are primarily grouped into seed and fruit fibres; soft 

(or bast) fibre; and hard (or leaf) fibres. The extraction of fibres from plant stems is 

achieved by various methods such as mechanical, physical, and steam explosion 

techniques. Retting is a process of controlled degradation of the plant stem to 

allow the fibre to be separated from the woody core. Microbial or enzymatic 

retting is one of the widely used techniques to extract good quality cellulosic fibres 

from the agricultural plants such as hemp, flax, jute, and kenaf [52]. Figure 2-1 

shows the different types and sources of natural fibres containing lignin and 

cellulose (lignocellulosic) in their cells as the major chemical constituents. Table 2-

1 gives the world production of natural fibres for different industrial uses. By far 

wood is the largest source of natural fibres produced in the world for various 

applications. Some important sources of fibres which are used in the composites 

industry are discussed in the following sections. 



Chapter 2                                                                                                                                   Literature Review              

 

                                                                                                                                               24 

  
Lignocellulosic 

Fibres 

 

Plant 
 

Wood 

 

Straw 

 

Bast 
 

Leaf 
 

Seed/fruit 
 

Grass 
 

Example: Soft 
& Hard wood 

Examples: 

Rice, wheat, 
corn 

Example: 

Kenaf, flax, 
jute, hemp 

Example: 

Henequen, 
sisal, 

pineapple 

 

Example: 
Cotton, coir 

Example: 

Bamboo fibre, 
switch grass, 

elephant grass  
 

 
Figure 2 - 1 Flow chart of different sources of natural fibres [53]. 

 
 

2.1.1 Wood Fibres 

Wood is classified into soft and hard wood. Softwood such as Radiata Pine (Pinus 

Radiata D. Don) has been widely used as the predominant source of fibre for the 

pulp and paper industry, and as a raw material in other major wood using 

industries [54]. Wood is regarded as a complex natural polymeric, cellular, fibre 

composite. The wood cell wall consists of primary wall (P) and secondary layers 

(S1, S2, S3), lumen (W), and middle lamella (M) as shown in Figure 2-2.  

Chemically, wood has the following five primary constituents. 

1- Cellulose 

Cellulose is a carbohydrate. A carbohydrate is a chemical substance composed of 

carbon, hydrogen, and oxygen. Cellulose is one of few natural polymers which 

exist as long chains that have been built up in the cell wall from glucose. Cellulose 

makes up 40% of wood’s mass in Radiata Pine.  
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Table 2 - 1 Commercially Important Fibre Sources [55]. 

Fibre Source Species World Production 
(103 tons) 

Origin 

Wood (>10,000 species) 1,750,000 Stem 

Bamboo (>1250 species) 10,000 Stem 

Cotton lint Gossypium sp. 18,450 Fruit 

Jute Corchorus sp. 23,00 Stem 

Kenaf Hibiscus cannabinus 970 Stem 

Flax Linum usitatissimum 830 Stem 

Sisal Agave sisilana 378 Leaf 

Rosselle Hibiscus sabdariffa 250 Stem 

Hemp Cannabis sativa 214 Stem 

Coir Cocos nucifera 100 Fruit 

Ramie Boehmeria nivea 100 Stem 

Abaca Musa textiles 70 Leaf 

Sunn hemp Crorolaria juncea 70 Stem 

 
 

 
 

Figure 2 - 2 Structure of a wood cell [56]. 
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2- Hemicelluloses  

Also carbohydrates, hemicelluloses makes up about 31% of wood’s mass in 

Radiata Pine and is found predominantly in cell wall. 

3- Lignin 

Lignin is found together with cellulose and hemicelluloses within the cell walls 

and is responsible for bonding cells together. It is phenolic in nature and plays a 

very important role in protecting the hydrophilic cellulose and hemicelluloses, 

whose bonds can easily be broken by water [53]. The removal of lignin reduces the 

stiffness of wood (makes it soft) when it is wet.    

4- Pectin 

Naturally, pectin is found in the non-woody parts of terrestrial plants. In the 

middle lamella between plant cells, pectin helps to bind cells together and 

regulates water in the plant. The amount, structure and chemical composition of 

the pectin differs between plants, within a plant over time and in different parts of 

a plant. Tough parts contain more pectin than soft parts of a plant [57]. 

5- Extractives 

Wood extractives are the organic and inorganic non-structural materials present in 

wood which contribute to colour, smell, and decay resistance etc. In Radiata Pine 

these substances consist of predominantly resin acids and fatty acids. These 

extractives do not contribute to strength and are deducted from wood density 

when predicting properties of wood fibre reinforced composites [57]. 

The mechanical properties of wood fibres depend on the pulping process even 

within the same species. To be able to use wood fibres as reinforcements for 

composite manufacturing processes, the fibres can be separated and formed into 

mats. The process used to reduce wood into its component fibres is known as 
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“pulping”. There are two major types of pulping processes, mechanical and 

chemical. Mechanical pulping utilizes a stone-grinding method to disintegrate the 

fibres. In this method, the primary wall in the outermost part of the cell wall is 

softened using heat and moisture, allowing fibres to be separated more or less 

intact. In chemical pulping, lignin is removed by bleaching chemicals without any 

extensive loss of hemicelluloses [58].  

Scanning Electron Microscopy (SEM) images presented in Figure 2-3 (a), and (b) 

compare the surfaces of a pine fibre and a glass fibre. In comparison, the surface of 

the glass fibre is significantly smoother. The surface roughness of the wood fibre is 

due to the presence of flake like fines, extractives, lignin and pectin [7, 58].  

 

 
 

 

 
 

Figure 2 - 3 Comparison of fibre surfaces (a) Wood fibre, and (c) Glass fibre. 
 

(b) 

(a) 
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2.1.2 Bast Fibres 

Bast fibres such as jute, hemp and flax are usually grown in temperate and sub-

tropical regions of the world. Bast fibres are extracted from the fibrous bundles in 

the inner bark of a plant stem. Jute is used for many applications due to its 

abundance and low cost, becoming an important fibre for sacks and packing 

cloths. Good quality jute fibre is used for curtains and furnishing fabrics. Hemp 

fibre has been used to make coarse fabrics such as sacking and canvas, and is 

currently being used to make fine fabrics for clothing.  

Bast fibres may be as long as 2 meters, and are generally isolated by retting. The 

cell walls of bast fibres are not easily dilapidated by bacteria [52]. In retting, the 

plant material is placed in water, while bacteria absorb most of the plant tissue 

except the fibres. The residual material is piercingly bent to remove the remaining 

vascular material from the bast fibres. The material is then beaten and scraped, 

and the bast fibres are combed for alignment purposes.  

Flax is widely used fibre in the textile industry because it can be spun into a yarn 

for linen. Moreover, increasing interest in composites research makes it even more 

important as reinforcement due to its good mechanical properties [59-63]. Flax 

produces long stalks, which can grow to a height of 90 to 130 cm [64-66]. Flax 

stems are 4 to 5 mm in diameter, are smooth and free of hairs [65]. Leaves are 

narrow and oval shaped, tapering to a point at each end. Flax and hemp plants 

contain bast fibres that are bundles or strands beneath the epidermis and cortex 

layers as the transverse section of flax plant in Figure 2-4a shows. Breaking the 

stem structure down, it is possible to obtain the fibre bundles or technical fibres. 

Flax fibre bundles that are only a few centimetres long are referred to as ‘tow 

fibre’. Bundles can be up to 1 m long, and these are called ‘line fibre’.  

Flax fibres have the potential to be a good reinforcement for composites, due to 

their high aspect ratio [67]. Flax fibres have lower density than glass fibres and can 

exhibit good mechanical properties. Properties may change depending on the 
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maturity of plant, location in the plant the fibres are taken from, growing 

conditions and the type of retting and processing implemented [62,66].  

 

Pitch 

Xylem 

Phloem 

Fibres 

Cortex 

Epidermis 

100 µm 

 
 

 

 

 

 

 

 

 

 

 

Figure 2 - 4 (a) Transverse section of flax stem [65], and (b) SEM image of a single 
flax fibre. 

 

2.1.3 Leaf Fibres 

Leaf fibres are often coarser than bast fibres and have achieved great commercial 

importance for use as ropes, cordage and textile fabrics. Some examples of leaf 

fibres are sisal, pineapple leaf fibre and henequen. Leaf fibre based composites 

show better impact strength than bast fibre based composites [10, 68, 69]. The 

widespread use of leaf fibres in composites is quite recent. Unlike bast fibres, leaf 

fibres cannot be isolated by retting [66]. Instead, leaf fibres are decorticated. 

Decorticating involves crushing the plant material, and scraping away the soft 

material.  

(a) 

(b) 
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2.1.4 Natural Fibre Mats 

The long bast or leaf fibres can be formed into flexible fibre mats, which can be 

made by physical entanglement, nonwoven needling or thermoplastic fibre melt 

matrix technologies. The two most common types are carded and needle punched 

mats. In carding, the fibres are combed, mixed and physically entangled into a 

felted mat. These are usually of high density but can be made at almost any 

density. A needle punched mat is produced in a machine which passes a 

randomly formed machine made web through a needle board that produces a mat 

in which the fibres are mechanically entangled. Making a mat from short fibres has 

always been a challenging task. Bhattacharyya et al have developed a novel 

technique to manufacture dry wood fibre mats for thermoforming process [15]. 

Umer et al [20] presented modified paper making methods to manufacture wet 

formed wood fibre mats for application of LCM processes. An LCM process 

requires permeability and compaction characterisation of reinforcements (mats). 

Many researchers have focused on characterising synthetic fibre mats for LCM 

processes, much less attention being been given to the characterisation of natural 

fibre mats.     

2.2 Permeability of Fibre Reinforcements 

As discussed in Section 1.6.1,  the  permeability  tensor  describes  the  resistance  

that  a porous material offers  to  fluid  flowing  through  it.  The permeability of a 

reinforcing material can be determined by analytical, numerical, or experimental 

approaches. The general consensus from most literature is that the accuracy of 

analytical permeability models is low and that where ever possible, experimental 

data should be used [70]. However, numerical methods are becoming increasingly 

sophisticated, and good predictions may be made if realistic reinforcement 

architecture information is available [27]. 
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2.2.1 Methods for Permeability Measurement 

Permeability may be different in all directions in space. However, permeability 

typically exhibits point symmetry and can thus be characterised by just three 

values, along the principal directions [27]. In LCM parts, the thickness is usually 

much smaller than the in-plane dimensions. For practical applications, the 

permeability in the thickness direction of the part is often less important with 

respect to the in-plane permeability. The majority of reported permeability values 

are in-plane of the reinforcement. In general, there are two common in-plane 

permeability measurement techniques used for synthetic fibre reinforcements 

reported in literature.  

1. One dimensional rectilinear permeability measurement 

2. Two-dimensional radial flow permeability measurement 

The most common is the 1D or linear flow permeability experimental setup [70-

80]. The fluid is injected into the reinforcement material from the short edge of the 

sample (Figure 2-5b) and the flow front position is measured and plotted as a 

function of time. From this data, the permeability can then be calculated. The 

disadvantage of this approach is that only one permeability value is obtained in a 

single experiment.  

1D technique is also very sensitive to “Race Tracking” [81-83], i.e. the preferential 

flow of the fluid along the mould walls when the material sample does not 

perfectly fit in the mould cavity. Since race tracking may occur in an actual 

moulding situation, it may be necessary to estimate the extent of race tracking. 

Bickerton et al [81] and Lawrence et al [82] have successfully modelled flow in the 

presence of race tracking. Mitschang et al [83] noted that modest race tracking may 

facilitate mould filling, too much race tracking however, may cause dry spots in 

the final composite. 
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Figure 2 - 5 In-plane permeability measurement techniques, (a) Two dimensional 
radial flow, and (b) One dimensional rectilinear flow. 

 

In a 2D or radial injection, the fluid enters the material from a point within the 

sample, and not from an edge (Figure 2-5a). For isotropic materials a circular 

advancing flow front can be observed while for anisotropic materials the flow 

front becomes elliptical. The main attraction of the radial flow experiment is that 

both the principal permeability values and their orientation can be determined in a 

single experiment. It is therefore widely used by many researchers [84-89].  

In analogy with the 1D experiment, the flow front position can be recorded as a 

function of time. Since the material and the flow front have to be visible 

throughout the complete experiment, one of the sides of the mould is made of 

glass or acrylic. This allows recording the flow front progression (e.g. by means of 

a video camera) for later data extraction. However, this transparent mould half 

usually has a relatively low bending stiffness. This can lead to a non uniform 

cavity thickness, and thus to incorrect measurements. To counter this problem 

many researchers often use a metallic frame that is placed on top of the 

transparent half to enhance its bending stiffness [81].  

2.2.2 Saturated and Unsaturated Permeability 

Two types of permeability are commonly distinguished, called saturated and 

unsaturated permeability. During saturated measurements, the fibrous preform is 

already impregnated with the fluid, with more fluid being pumped through the 

Injection 

Injection 

(a) (b) 
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reinforcement continuously. In this type of flow experiment, typically the pressure 

drop over the fibre bed is plotted as a function of the flow rate through the 

material [74, 90, 91].  

A second type of permeability measurement is commonly referred as to 

unsaturated. In this case the injected test fluid flows through the dry fibre bed, 

replacing the air present in the material. It is clear that the impregnation of the 

preform will consist of two separate parts (Figure 2-6): (1) Inter-tow flow of the 

fluid, also called macro-flow, and (2) Intra-tow flow, also called micro-flow [92-

97]. For this second mechanism, the driving force will not only be the applied 

pressure gradient, but also the capillary pressure that exists in the channels 

between filaments within a tow [41]. For this reason two distinct permeability 

values can be obtained with these two different testing methods [91]. Lundström 

et al [86] found that unsaturated flow experiments conducted in both radial and 

one-dimensional geometries yielded different permeability values. However, it 

might be dependent on the type of reinforcement. The work of Williams et al [98] 

indicated that the permeability measured in unsaturated porous media was 20% 

higher than in saturated porous media.  

The measurement of permeability can be performed with constant injection 

pressure or constant flow rate as a boundary condition. In the majority of cases 

constant injection pressure is chosen because this condition is easier to establish, 

and the injection pressure is limited to the preset value. In a constant flow rate 

experiment the necessary injection pressure keeps raising as the fluid progresses 

through the material [31]. An advantage of the constant flow rate experiment is 

that the fluid velocity is relatively low at the beginning of the test, while in a 

constant pressure test, the starting velocity is very high which might disturb the 

reinforcement architecture near the injection gate [99].  
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Figure 2 - 6 Schematic diagram displaying microflow within a fibre bundle and 
macroflow around a fibre bundle [73]. 

 

2.2.3 Permeability of Natural Fibre Mats 
 

Permeability measurement of natural fibre reinforcements for LCM processes has 

seen little attention in the research community. Rodriguez et al [100] built a simple 

apparatus to develop 1D rectilinear flow to measure the permeability of 

bidirectional jute and random sisal fibre mats. The unsaturated permeability of 

natural fibre mats were compared with a random chopped glass fibre mat. 

Glycerine, water and colorant emulsion were used as test fluids. The following 

modified Carman-Kozeny model was used to fit the measured data;  

n
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,               (2.1)

               

where φ  is the porosity, C and n are empirical parameters.   

Figure 2-7 shows the experimental results obtained in this work. The same 

permeability to porosity trend was found for natural fibre and glass fibre mats. 
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Rodriguez et al found that the natural fibre mats studied had higher permeability 

values than the glass fibre mats for the same porosity. They concluded for their 

mat construction, the higher permeability of natural fibre mats were due to more 

open channels or pathways of bundled fibres, presenting less resistance.    

 
 

Figure 2 - 7 Measured uniaxial permeability of different fibre mats [85]. 

Rouison et al [101] measured the permeability of chopped hemp fibre mats. In this 

particular study, the point of interest was the comparison between the random 

glass and the hemp fibres. The permeability for a 20% glass fibre preform was 

found to be 10-9 m2. The permeability of hemp fibres under the same conditions 

and for a similar volume content was around 10-10 m2. There was a difference of a 

factor of 10 between these two materials. This is a very important observation in 

terms of mould filling. It was expected that the smaller fibres in the hemp mat 

have more influence on the permeability value since they offer more resistance to 

flow. Knowing that there was a non negligible number of small fibres (or even 

smaller) in the mat, the lower permeability was within the expected range. 
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A number of researchers have studied the gas permeability of wood pulp fibre 

network [78, 102-104]. The authors found that mechanical pulps used for the 

production of newsprint had lower permeability than chemical pulps, due to 

presence of larger amount of short fibres, fine fractions, and fibre fragments. To 

increase the printing quality of newsprint, more filler material was added. They  

also concluded that, effects of the presence of such particles on the permeability is 

difficult to model, since it seems that information about the shape, size and 

orientation of those particles is not readily available in the literature. 

There is a lack of knowledge of the influence of fibre bundling, fibre swelling (due 

to uptake of moisture), fibre length, and diameter distribution on the permeability 

of a fibre network (mat). These issues are important for LCM manufacturing 

processes for which cycle times are important.  

2.3 Compaction of Fibre Reinforcements 

LCM processes involve compressive deformation of reinforcing materials prior to 

and during injection. A good understanding of the through-thickness stress-strain 

behaviour of the reinforcement is required to accurately model general LCM 

filling, and to predict forces exerted on moulds. There are two types of forces 

acting on the mould during filling. One is from the pressure required to drive the 

liquid resin through the reinforcement. The resin pressure varies during the filling 

stage and is dependent on the permeability of the reinforcement, rate of resin 

injection, and the viscosity of the resin.  

The second force acting on the mould is from the pressure needed to compress the 

fabric reinforcement to the thickness of the part. Compressing the reinforcement 

develops a normal force on the face of the mould as well as friction force between 

fibres and mould face. This keeps the reinforcement from being displaced when 

the resin is injected. Compression of the reinforcement may occur in its ‘dry’ state 
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(i.e. when there is no liquid resin in the mould), or when it is ‘wet’ due to the 

presence of a resin [49, 105, 106]. 

To incorporate this compression deformation of reinforcements in simulations of 

composites manufacturing processes, the standard method has been to assume 

that the deformation is non-linear elastic [107-110].  Gutowski et al [111] 

developed a deformation model based on beam bending theory which fitted 

experimental data very well. There have been many other micromechanical 

models based on beam-theory. For example, Chen and Chou [112] proposed a 

model of the deformation of woven fabrics using distributed loads over the fibre 

contact regions.  

Non-linear elastic behaviour does not account for the time related effects observed 

by many investigators [34, 49, 113-116]. Probably, the most important 

manifestation of this time dependence is the stress relaxation which occurs at the 

end of a compaction phase as shown in the schematic diagram in Figure 2-8a. If 

the reinforcement is held fixed at a constant thickness (e.g., as in RTM and during 

the injection phase of I/CM), stress relaxation can occur over time periods on the 

same order as a full moulding process. 

Fibre reinforcements also respond differently if a low viscosity fluid is introduced 

within the reinforcement structure, which is of particular significance to LCM 

processes. Buntain et al and Robitaille et al [106, 117] have highlighted the 

importance of the fibre lubrication effect on synthetic fibre reinforcement. They 

found that, an apparent fibre lubrication effect caused by the presence of a fluid, 

significantly reduces the mould clamping forces.  

Kelly et al [49] completed a series of compression tests carried out on both dry and 

wet Continuous Filament Mat (CFM) samples, at a number of different 

compaction speeds as shown in Figure 2-8b. The material was seen to exhibit a 

significant viscoelastic response, further reductions in stress being observed under 

wet compaction. 
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Figure 2 - 8 (a) Schematic of observed viscoelastic behaviour with stress 
relaxation, and (b) Glass fibre preforms compacted to fibre volume fraction of 

0.35 at different compaction speeds [49]. 

Significant permanent deformation occurs when glass fibre reinforcements are 

compacted for composites manufacturing; this has been reported by Somashekar 

et al [50]. They have shown (see Figure 2-9) that cyclic loading/unloading 

produced considerably more permanent deformation in CFM, and much smaller 

compaction stress than that measured during single cycle compaction 

experiments. Accurate models that combine the effects of stress relaxation, 

permanent deformation, and the possible lubricating effect of a resin are still 

under development. 

(b) 

(a) 
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Figure 2 - 9 (a) Schematic of cyclic loading and unloading experiment, (b) Typical 
cyclic loading and unloading compaction stress versus Vf response [50]. 

2.3.1 Compaction of Natural Fibre Mats 

Natural fibres have different chemical and physical structure than glass fibres and 

can behave differently under compressive loading [58, 118]. The mechanical 

properties of solid cellular materials such as solid wood, in transverse 

compression are non-linear resulting from the collapse of the cellular structure 

[119]. All cellular materials (solids and fibrous assemblies) loaded in transverse 

compression exhibit similar behaviour, which can be characterised by observation 

of the stress strain curve [120]. A typical deformation progresses sequentially 

through three distinct stages: initial linear elastic cell-wall bending; nonlinear 

cellular collapse at nearly constant stress level; and the final cell wall densification 

when the majority of the cells have collapsed (Figure 2-10). Cellular collapse 

occurs by elastic buckling, plastic yielding, or brittle crushing, depending on the 

test conditions and the nature of the cell wall material [119].  

(b) 

(a) 
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Figure 2 - 10 Stress strain curve characterizing a cellular material in compression 

[119] 

Researchers focusing on the paper and Medium Density Fibre (MDF) board 

manufacturing industry have investigated the compaction behaviour of fibre 

networks in both dry and wet states. Permanent deformation of natural fibre 

networks may or may not be due to cell wall collapse, as fibres rearrange during 

compression. Lundquist et al [121] found that the packing behaviour of an initially 

random 3D network of pulp fibres does not go through a transition to a 2D 

network as it is compressed. Rather, the fibres exhibit localized collapse at contact 

points, a result of the hollow nature of the pulp fibres. Englund et al [21] found 

that the compaction behaviour of wood fibre mats is a non-linear relation. They 

demonstrated that the amount of stress required to compress the mat can depend 

upon the press closing speed or strain rate, and the platen temperature. van Houts 

et al [12] observed significant stress relaxation within a MDF mat during hot 

pressing.  

In wet pressing, the force applied to the wet fibre network is balanced by two 

components that interact with each other, i.e. the forces due to the fluid pressure 

and forces due to the wet fibre network stress. Hydraulic pressure builds up due 

to the fluid flow resistance through the fibre network. The fibre network stress 

includes the force spent on squeezing intra fibre water out of the fibres which is 

inherently a viscous phenomenon. Westenbroek et al [122] investigated the 
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compressibility of hemp fibres both dry and wet while Vomhoff et al [123] 

measured the dynamic compressibility of a wet wood pulp fibre network. 

Westenbroek et al found that at higher density the stress increased faster, because 

of flow resistance caused by the dense fibre mat. The relaxation was described 

with a generalized Maxwell model. As was observed for glass fibres, the repeated 

compression of hemp fibre mats decreased both maximum stress and the extent of 

relaxation with the number of repetitions. The total plastic strain increased until a 

point was reached at which no further changes were observed. Repeated 

compression of wet fibres resulted in the formation of a compact fibre mat with 

high flow resistance. 

Lobosco et al [124] proposed an elastic/viscoplastic model of the fibre network 

stress in wet pressing. They used the experimental results of Vomhoff and showed 

that an elastic/viscoplastic model of the fibre network stress in wet pressing gives 

good predictions of the fibre network stress of pulp fibres. The results presented 

were consistent with the hypothesis that the rate dependence of the fibre network 

stress is related to the squeezing out of intra fibre water from the fibre walls. 

Lobosco’s model does not take into account dry compaction of reinforcements and 

stress relaxation with time. These are complex phenomena which are not easy to 

model.  

In the current work we have utilised a multiple elastic model approach which 

accounts for stress relaxation and fibre lubrication effect in a simple manner. The 

multiple elastic model gives reasonable fits for various LCM experimental data 

such as RTM and I/CM.  

2.4 LCM Processes with Natural Fibres 

Characterising natural fibre reinforcements for permeability and compaction 

response has seen very little attention by the research community. Most 

researchers have investigated the mechanical properties of the final composite, as 
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manufactured by LCM, and other processes. Richardson et al [125] attempted to 

visualise the wetting behaviour of hemp fibre mats using the RTM process.  They 

found fibre washing to be common problem at low fibre volume fractions. Poor 

clamping conditions and the reinforcement’s resistance to flow at high fibre 

volume fractions, lead to the failure of the injection process. Resin front 

advancement profiles and velocity profiles were also established which illustrate 

the influence of injection pressure and fibre concentrations on the mould filling 

process. O’Dell et al [126] also observed the resin flow patterns through a non-

woven jute mat during RTM, and found similar patterns to a random glass mat. 

They also determined tensile and flexural modulus for the jute samples and found 

values almost half that of samples made with a commercial glass mat.  

Oksman et al [127] found encouraging mechanical properties using unidirectional 

ArcticFlax (trade name of flax grown in northern Finland), unidirectional Flax 

(commercially available flax), and unidirectional glass fibres. They used the RTM 

process with an epoxy resin. Figure 2-11 presents tensile modulus versus fibre 

volume fraction, comparing the results with theoretical estimations. As the results 

show, the stiffness of ArcticFlax/epoxy composites exceeds the glass/epoxy 

composites at a certain fibre volume fraction. They concluded that RTM proved to 

be a suitable processing technique for natural fibre composites when high quality 

laminates are preferred. 

A number of other researchers [100, 128-130] have used the RTM process to 

determine different mechanical properties of the final composite. Natural fibres 

such as wood, kenaf, jute, hemp and flax were reinforced with a variety of 

synthetic thermoset polymers. As part of developing an all natural composite, 

Dweib and O’Donnell et al [8] manufactured structural panels and beams out of 

low viscosity soybean oil based resin and natural fibres such as flax, pulp, 

cellulose, recycled paper, and even chicken feathers, using vacuum assisted resin 

transfer moulding.  
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Figure 2 - 11 Tensile modulus versus fibre volume fraction of unidirectional 
ArcticFlax, commercial flax, and glass reinforced with epoxy resin. 

O’Donnell et al [9] also used the resin infusion process to manufacture composite 

panels out of plant oil-based (soybean oil) resin and natural fibre mats made of 

flax, cellulose, pulp and hemp. Recycled paper was used as a cheap resource of 

cellulose fibre and found to work well with low viscosity soybean resin in terms of 

flow, impregnation, and surface bonding, giving a modulus of over five times that 

of the neat resin. These low-cost natural composites were found to have 

mechanical strength and properties suitable for applications in housing 

construction materials, furniture and automotive parts.  

2.5 Conclusions 

The exploitation of natural fibres in industrial applications provides challenges for 

the research community to come up with cost effective ways of processing them. 

In conjunction with this, there is a need to fully understand the basic issues related 

to natural fibres, and their effect on final composite properties. Use of proper 

processing techniques, fibre treatments, and compatibilizers/coupling agents can 

lead to composites with optimum properties for a particular application.  



Chapter 2                                                                                                                                   Literature Review              

 

                                                                                                                                               44 

LCM processes using synthetic fibre reinforcement has seen much attention in 

literature. Modelling LCM processes requires characterisation of reinforcement 

permeability and compaction response. Several techniques exist in literature to 

measure reinforcement permeability, 2D radial flow technique being widely used 

by many authors. Several attempts have been made to model the compaction 

behaviour of synthetic fibre reinforcements, viscoelastic behaviour of fibre 

reinforcement playing a vital role in determining the mould clamping forces.  

LCM is one of the most attractive processing techniques for NFRP’s, finding 

applications in different industries such as automobiles. Natural fibres must be 

available in the form of fibre mats. A number of researchers have used RTM 

process to determine final composite properties. However, less attention has been 

given to permeability and compaction characterisation of natural fibre 

reinforcements.  



                                                                                                                                               45 

 

CHAPTER 33 

 

Wood Fibre Reinforcement Manufacture 

and Characterisation 

 

This chapter addresses the characterisation and utilisation of discontinuous wood 

fibre mats, which have been proposed for use as reinforcements for LCM 

processes. The wood fibre reinforcements considered in this study have been 

characterised with regard to permeability and compaction response, such that 

their application to a wide range of LCM processes can be evaluated. These results 

are compared to typical glass fibre mats used for LCM processes.  

3.1 Wood Fibre Reinforcement Manufacture 

The wood fibres considered here are 3 ~ 4 mm long, with an aspect ratio of 

approximately 100:1. The equilibrium moisture content of these fibres at standard 

conditions of 23 oC and 50% relative humidity is found to be 10% by weight. 

Traditional synthetic fibre reinforcements are formed from continuous bundles of 

fibres, while the wood fibres considered here are shorter in length, and are not 

easily bundled into continuous lengths. These fibres require formation into some 

kind of easily handled “mats” before placement in an LCM mould. Four different 

styles of wood fibre mats were manufactured for this study. Their permeability 

and compaction response has been determined. The permeability and compaction 

characteristics of Continuous Filament Mat (CFM) have also been measured in 

order to provide comparison to the wood fibre mats under investigation. CFM was 

chosen as it exhibits in-plane isotropic flow characteristics, and is commonly 

applied within LCM processes.  
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High Temperature Thermo-Mechanical Pulp (HTMP) [118, 131, 132] prepared at 

Scion Rotorua, New Zealand on a mechanical refining pilot plant (Figure 3-1) has 

been used in this project. All four types of wood fibre mat considered in this study 

were manufactured from this raw material (see Table 3-1 for details).  

 

 
 

Figure 3 - 1 Mechanical refining pilot plant at Scion. 
 

 

 

Table 3 - 1 Properties of fibre mats employed in this study 

Mat Fibre 
Material 

Fibre density 
(gm/cm3) 

Manufacturing 
method 

Areal density 
(gm/m2) 

DMF Wood 1.5 Dry 350~400 

MDF Wood 1.5 Dry 2000~2100 
HS Wood 1.5 Wet ~400 
PDF Wood 1.5 Wet 400 

CFM Glass 2.58 - 450 

The mats produced for this project are small in size, and are held together 

sufficiently by mechanical interlocking and possible fibre/fibre interfacial 

bonding. This allows for easy handling, without the need for any additional 

transporting device. Modified paper manufacturing techniques were employed to 
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prepare two types of wet formed mats, Paper Dynamic Former mats (PDF) and 

Handsheets (HS). The Paper Dynamic Former produces substantially aligned fibre 

mats, while the Handsheet former produces visibly more randomly oriented 

fibres.  

Two reinforcement mats were produced using dry methods, one a quasi-isotropic 

mat using a Dry Mat Former (DMF), the other lower density random MDF type 

mat.  Both the dry and wet formed mats are visibly different, as demonstrated in 

Figure 3-2. The optical microscopy images presented in the figure show that the 

dry formed products were in-plane isotropic (a, and b). The mat produced by the 

dry mat former has larger channels for the fluid flow as compared to the MDF 

mat. The reason being that the MDF mats were pressed to a final thickness using a 

press, hence the fibres are more closely packed as compared to dry mat formed 

mats where fibres are deposited by a blower and held together via mechanical 

interlocking. If we compare the wet formed mats (c and d), fibres in the 

Handsheets are more randomly oriented as compared to the PDF mats. The PDF 

machine produces a more aligned fibre mat due to the centrifugal action of a 

rotating drum integral to the process. The following sections describe the 

manufacturing processes for each type of mat.  
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Figure 3 - 2 Optical microscope images of wood fibre mats: (a) DMF mat, (b) MDF 
mat, (c) Handsheet and, (d) PDF mat. 

 

3.1.1 Dry Mat Former 

The DMF mats were manufactured using the Dry Mat Former [131] developed at 

the University of Auckland, and presented schematically in Figure 3-3. The DMF 

was developed to eliminate the need for fibre drying associated with wet mat 

forming processes. The primary aim was to produce mats from dry wood fibres, 

with good structural integrity. The main components of the DMF are the feed 

hopper, fibre blower, vacuum drum, rollers, and aluminium mesh conveyer.  

(a) (b) 

(c) (d) 
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Fibre blower 

Vacuum drum 

Feed arm 

Blender 
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Feed hopper  
 

 

 

 
 

Figure 3 - 3 (a) Schematic of the dry mat forming machine, (b, c) Close-up 
photographs of the dry mat forming machine. 

 

The fibres are fed into the hopper, which conveys them to the blender for 

separation of large clumps or bundles. The fibres are then deposited over the 

conveyor belt by an arm moving parallel to the belt surface, evenly distributing 

them. Air is sucked through the conveyer belt, providing a clamping force for the 

deposited fibres. Successive layers of fibre are built up on the surface of the 

conveyor belt, eventually forming the desired thickness of mat. Rollers 

continuously compact the fibres and control the thickness during the mat making 

process. 

(a) 

(b) (c) 
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3.1.2 Medium Density Fibre Mats 

The MDF board manufacturing technique was employed to produce a fibre mat of 

significantly lower density than MDF board. This was done by compressing a 50 

mm thick sample of wood fibres to a thickness of 14 mm. 2000 g/m2 mats were 

manufactured without using any binder, an important component for traditional 

MDF board. Before compression, the raw material was blended in a blender 

known as maxi blender developed by Scion (as shown in Figure 3-4a) for 3 to 4 

minutes to break any entanglements, and to separate any bundles into individual 

fibres. After blending, the fibres were blown in ducts and manually laid over a 293 

x 273 mm rectangular mould. The prepared samples were then compressed within 

a hot press at 180 oC. 14 mm spacer plates were used, the press supplying a 

pressure of 9700 kPa for a period of 1 minute. (see Figure 3-4b).  

 

 
 

Hopper 

Blender & 

Blower 

 
 
Figure 3 - 4  (a) Maxi blender for the MDF mat making process, and (b) MDF mat 

being formed in a press. 

3.1.3 Handsheets 

Handsheet formation was carried out using the British standard Handsheet 

machine at Scion. This technique is similar to that of wet Handsheet formation for 

conventional paper. The wood fibres were first treated to remove latency by 

Lower platen (180 oC) 

Upper platen (180 oC) 

(a) (b) 

14 mm 
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agitating the fibres at low concentration and at an elevated temperature, before 

being formed to a standard 16 cm diameter circular fibre sheet. The objective of 

latency removal is to reverse the effects of high temperature shearing (during 

HTMP production) which, under conditions of high pulp concentration and steam 

flash off produces twisted and curled fibres. The latency treatment was completed 

according to APPITA standards [133]. After removing the latency, the pulp was 

poured into a large container (see Figure 3-5a), and the fibre concentration then 

calculated. A small amount measured pulp was poured on an oven dried filter 

paper.  The water was allowed to drain and fibres were collected over the filter 

paper. The filter paper with fibres was dried in an oven at 65 oC for 10 minutes. 

The concentration of fibres was obtained by subtracting the weight of the dry filter 

paper from the total mass. A calculated amount of pulp was placed in a graduated 

cylinder, and then poured into the main cylinder of the Handsheet former 

machine shown in Figure 3-5b.  

The water valve at the bottom of the cylinder was then opened to allow the water 

level to rise to the required height. During this period, the concentrate was stirred 

continuously by an electric stirrer. After 10 seconds of stirring, the water was 

drained by opening a valve at the base of the cylinder. The falling water level was 

monitored carefully, and once it reached approximately 20 mm above the formed 

sheet, the valve was closed slowly to reduce the rate of discharge. Two dry blotters 

were placed on the surface of the wet fibre sheet followed by the metal couch 

plate. The mat was peeled carefully and air dried. A grammage of 400 g/m2 was 

targeted as above this grammage the water drained very slowly due to greater 

concentration of fibres causing inhomogeneity in the final sheet. 
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Figure 3 - 5 Stages in the manufacture of the Handsheets: (a) Latency removal, 
(b) Handsheet formed on blotting paper and, (c) the completed samples. 

(a) 

(b) 

(c) 



Chapter 3                                                            Wood Fibre Reinforcement Manufacture and Characterisation              
 

                                                                                                                                               53 

3.1.4 Paper Dynamic Former Mats 

The Paper Dynamic Former at Scion was used to manufacture 400 g/m2 mats. The 

PDF technique allows for production of larger mats with significant fibre 

alignment. Fibre orientation is envisaged to be an advantage for the manufacture 

of certain composite products. For the reinforcement characterisation techniques 

applied in this study, these mats were applied in a 0o/90o lay up to induce in-plane 

isotropy. 

The dynamic mat former is comprised of a large container housing a perforated 

drum which may rotate independently at high speed (500-2500 rpm). The PDF 

forming drum is shown schematically in Figure 3-6. A paper making screen was 

first placed onto the inside of the perforated rotating drum. Water was allowed to 

collect on the inside of the large container and form a wall of water due to the 

centrifugal forces applied by rotating the inner perforated drum (see Figure 3-7b). 

The screen filters fibre from water sprayed onto it through a moving arm. Once 

sufficient fibre had built up on the paper making screen, all water was removed 

from within the large container. Rotation of the perforated drum was then 

stopped, and the screen supporting the newly formed fibre mat was removed (see 

Figure 3-7c). Excess water was removed from the wire and fibres using blotters, 

without the need of passing through rollers, an additional step adopted to 

compact and remove water from paper. The resulting thick fluffy fibre mat was 

removed and subsequently dried. The PDF machine can produce 900 x 220 mm 

size sheets with a capacity to control the sheet weight from 50 gm/m2 to 500 

gm/m2. 
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Figure 3 - 6 Schematic of the PDF machine [131]. 
 

 

 

 

 

 

 
 

 
 

Figure 3 - 7  (a) Paper Dynamic Former, (b) Spraying arm depositing fibres on 
the rotating drum, (c) and a PDF mat with wire being removed from the drum. 

(a) (b) 

(c) 
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3.1.5 Scanning Electron Microscopy (SEM) 

Figure 3-8 presents SEM images of fibres in five of the mats studied. The figure 

illustrates differences between the dry formed (Figure 3-8a, b) and wet formed 

(Figure 3-8c, d) mats, as compared to the CFM (Figure 3-8e). This shows that 

treating wood fibres with water at elevated temperatures (latency removal) not 

only removes the curls and various extractives, but also is helpful in removing 

flake like fines on the fibre surface. These extractives and fines will affect fibre to 

fibre friction, which may have an influence on compressibility and permeability of 

the wood fibre mats.   

Lignin in the fibre cell wall is not removed, which is essential to maintain fibre 

stiffness and improve mechanical properties in the final composite. The fibres are 

in bundles in the CFM, whereas the wood fibres are individual fibres held together 

by frictional forces between fibres, and fibre/fibre interfacial bonding [54]. 

3.2 Mat Characterisation Methodologies 

During LCM processes, fibre reinforcements are compressed to the desired part 

thickness, increasing the fibre volume fraction. The stress strain behaviour and 

reinforcement permeability is required when modelling the total clamping loads 

experienced during LCM processes. The experimental equipment and test rig is 

outlined in the following section, followed by permeability and compaction 

characterisation methodologies adopted to characterise the manufactured wood 

fibre mats and CFM. 
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Figure 3 - 8 SEM images showing comparison between dry formed, wet formed 
and glass fibre mats: (a) Dry formed DMF mat, (b) Dry formed MDF mat, (c) Wet 

formed HS mat (d) Wet formed PDF mat, and (e) CFM. 
 

3.2.1 Experimental Equipment 

1- The Mould 

(a) (b) 

(c) (d) 

(e) 

 DMF 
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Figure 3-9 presents a schematic representation of the reinforcement 

characterisation setup. A two piece aluminium mould was installed in an Instron 

1186 testing machine and is pictured in Figure 3-10. The upper platen was 

attached to a high resolution auto-ranging 200 kN load cell, with accuracies better 

than +/- 0.5% down to 1/1000th of the load cell capacity. The lower platen was 

attached to the moving Instron crosshead. The lower platen consists of a flat plate 

bounded by a 100 mm high wall and 300 mm in diameter, which contains all fluid 

within the mould. The two halves of the mould were installed with the inner 

surfaces of the male and female cavities being parallel to each other. This ensured 

that during the experiments, the  mould  cavity  thickness  across  the  mould  was  

equal  at  any  time.  A non uniform cavity thickness would result in uneven 

compaction of the fibre preform, resulting in biased fluid flow fronts and 

experimental results that would be misleading when compared against analytical 

predictions. Laser displacement gauge was used to detect any translational 

deflection of the upper plate due to compliance in the system (i.e. load cell 

deformation, connections).  
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Figure 3 - 9 Schematic diagram of the characterisation equipment setup. 
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Figure 3 - 10 (a) Close-up of round aluminium mould, (b) Mould installed in the 
Instron testing machine. 

 

2- Fluid Injection System 

The mould has a central fluid injection port. A pressure transducer and shut off 

valve were positioned at the inlet gate (Figure 3-11). The pressure transducer has a 

sensing range of -103 to 1965 kPa (-15 to 285 Psi). The shut off valve prevented 

fluid flowing out of the mould during compaction experiments, allowing the 

central gate pressure to be recorded by the data acquisition system. A temperature 

sensor was placed inside the mould cavity to record any change in temperature, 

(a) 

(b) 



Chapter 3                                                            Wood Fibre Reinforcement Manufacture and Characterisation              
 

                                                                                                                                               59 

which can cause significant change in fluid viscosity. This experimental rig was 

used for all compaction tests, and permeability measurements.  

 
 

Figure 3 - 11 Pressure transducer attached to the injection line. 
 

3- Test Fluid 

Glucose syrup is commonly used as test fluid in LCM reinforcement 

characterisation experiments. However, the presence of water molecules in 

glucose syrup will significantly influence natural fibres, causing fibre swelling and 

softening. Chapter 4 will highlight the effect of test fluid type on permeability and 

compaction characterisation.  

To simulate a thermoset resin for natural fibre reinforcement characterisation 

experiments, a non-polar fluid such as mineral oil was selected. Mineral oil “Mobil 

Vacuoline 1405” was used in this study. Figure 3-12 presents a relationship 

between temperature and viscosity of mineral oil used in characterisation studies. 

Viscosity of the test fluid was measured using a Brookfield DV-II+ viscometer by 

cone and plate method. Fluid temperature was continuously monitored during all 

characterisation experiments due to the influence on viscosity.  
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Figure 3 - 12 Viscosity sweep of mineral oil. 

3.2.2 Reinforcement Sample Preparations 

Table 3-2 provides the number of layers and thickness of a single mat used in a 

sample of each type of reinforcement. Three of the wood fibre mats were cut into 

200 mm diameter samples, as shown in Figure 3-13. Handsheets were limited to a 

diameter of 160 mm because of the particular paper based manufacturing 

technique used at the Scion laboratories. A hole of 15 mm diameter was punched 

in the centre of all samples to ensure in-plane radial flow. A target cavity thickness 

of 3.5 mm was aimed for a maximum 0.40 Vf. 

 
 

Figure 3 - 13 Wood fibre mat sample with cutting blade. 
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Table 3 - 2 Description of reinforcement samples for permeability and compaction 

characterisation. 

3.2.3 Permeability Characterisation 

1- Initial Flow Visualisation 

Flow visualization experiments were first conducted to observe in-plane flow 

behaviour within the manufactured mats. These tests were conducted on a 660 x 

460 mm flat rectangular plate. Photographs were taken to capture flow front 

progression with time, and the injection pressure was monitored using a pressure 

transducer. These tests were required as the subsequent permeability 

measurements are based on the assumption of in-plane isotropic flow. 

2- Steady State Permeability Measurement 

A pressure driven radial flow permeability measurement was performed within 

the round mould, utilising constant thickness circular preform geometry as 

described in Figure 3-14. Sample details for each fibre mat are presented in Table 

3-2. For the wood fibre mats, a 2000 mm long and 2.8 mm internal diameter copper 

tube was calibrated for use as a flow meter, measured pressure drop being 

proportional to flow rate. As the CFM exhibits higher permeability values, a 

copper tube of 4.0 mm internal diameter was used to accurately measure fluid 

flow rate. 

Mat Diameter 

(cm) 

Thickness of 
a single mat 
(cm) 

Number of 
layers  

Lay up 

DMF 20 0.40~0.5 5 0o/0o… 
MDF 20 1.4 1 0o 
HS 16 0.40~0.5 5 0o/0o… 
PDF 20 0.50 6 0o/90o… 
CFM 20 1.0 8 0o/0o… 
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Figure 3 - 14 Sample geometry for the in-plane isotropic permeability 
experiments. 

Each sample was first compacted to an initial Vf of 0.15. The test fluid was then 

injected at 150 kPa from the pressure pot, allowing the sample to fully saturate 

without disturbing the reinforcement architecture. The sample was then 

compacted to a series of decreasing cavity thicknesses, until a final Vf of 0.4 was 

reached. At each target cavity thickness, a constant flow rate (Q) was established, 

and the required injection pressure (Pinj) measured. Several flow rates were used at 

each fibre volume fraction to check proportionality to the measured pressure drop. 

The permeability of the reinforcement was calculated using the following 

Equation [117],  







=

i

o

inj
r

r

hP

Q
K ln

2π

µ
,               (3.1) 

where K is the isotropic permeability, h is the cavity thickness, and ro and ri are the 

outer and inner radii of the sample respectively. 
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3.2.4 Characterisation of Compaction Response 

Two types of compaction experiment have been performed. The “dynamic” 

experiments were completed to characterise response during periods of constant 

speed compaction to final sample cavity thickness. To quantify the importance of 

stress relaxation, the long term behaviour of the material was characterised using a 

“static” compaction test. Both types of experiment were completed with and 

without the presence of a fluid in the preform, to determine the magnitude of the 

fibre lubrication effect. 

1- Dynamic Compaction Tests 

During the dynamic tests the reinforcement was compacted at constant speed to a 

target Vf of 0.4, followed by a period in which the sample was held at constant 

thickness. The samples were compacted at a speed of 2 mm/min. Higher speeds 

were avoided for the wood fibre mats due to their low permeability, which 

resulted in very significant fluid pressure being generated in the mould during 

compaction in the presence of a fluid. After compaction, the samples were held at 

constant thickness for approximately 10 minutes.  After this time, most of the 

stress relaxation was judged to have occurred, and the stress levelled out towards 

a constant equilibrium value. Example data from a dynamic test is presented in 

Figure 3-15, stress being plotted against time and fibre volume fraction. 
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Figure 3 - 15 Example compaction response data of dynamic and steady state 
compaction experiments (a) stress versus time and, (b) stress versus fibre volume 

fraction. 

For the saturated dynamic experiments, fluid was injected into the mould cavity 

prior to the experiment, saturating the sample. Fluid was injected at low pressure 

(~ 150 kPa) to avoid any disturbance of fibres near the injection gate. Once the 

preform was fully saturated, the shut off valve was closed to prevent fluid 

returning to the pot. As for the dry compaction tests, the samples were then 

compacted to a target Vf of 0.4 at the same speeds. Fluid pressure carries some of 

the mould clamping force, and this has to be accounted for when evaluating the 

stress carried by the wet fibers.  First, it is assumed that the total stress applied to 

the saturated preform can be decomposed into two components; (a) stress taken 

up by the fibers and, (b) the fluid pressure (Equation 1.5).   

From conservation of fluid mass within the axisymmetric preform, assuming the 

resin flows according to Darcy’s law [Equation 1.1], and applying the boundary 

conditions; (a) zero pressure at outer preform boundary, 0@0 rrp == , (b) zero 

radial velocity at inner preform boundary, irr
dr

dp
== @0 . The total force carried 

by the fluid is [see Appendix A for derivation], 

∫=
o

i

r

r

fluid rdrrpF )(2π .                                (3.2) 

(a) (b) 
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ir
p  is the pressure at the inner preform boundary, which was recorded during 

experiments using a pressure transducer.  This fluid force was subtracted from the 

total compaction force to obtain the force carried by the fibres, and hence the stress 

carried by the fibres. 

2- Static Compaction Tests 

For the static tests, the preform samples were compacted to a number of 

progressively increasing target fibre volume fractions at a constant speed of 2 

mm/min. The sample thickness was maintained constant for 10 minutes at each 

Vf, allowing for stress relaxation. In each experiment the target Vf were 0.2, 0.25, 

0.3, 0.35, and 0.4. Example data from a static test is presented in Figure 3-15. 

Measured stress is plotted against time, and then against Vf. The black circles 

indicate the end of each relaxation period, to which an empirical elastic 

deformation model is then fitted. As long term stress data is collected, fluid 

pressure falls to atmospheric levels, the Instron load cell measuring only 

reinforcement compaction. 

3.3 Results and Discussions 

3.3.1 Initial Flow Visualisation 

It is apparent from Figure 3-16 that the PDF mat exhibits anisotropic flow, which is 

due to fibre alignment inherent to the mat forming process. The other three mat 

types showed regular isotropic flow patterns. The DMF and HS samples produced 

smooth isotropic flow fronts, while the MDF flow fronts were more irregular 

because of less homogeneity in the mat. The fibres tend to aggregate and form 

clumps during manual lay up of fibres in the mat formation process. In order to 

apply the isotropic permeability measurement technique to the PDF mat, samples 
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were formed by stacking layers in a 0o/90o orientation. Flow visualisation tests 

have confirmed that the 0o/90o stacking sequence produces isotropic flow. 

3.3.2 Permeability Characterisation 

The permeability data collected from the wood fibre mats is presented in Figure 3-

17. At each Vf, several data points are presented, representing measurements at 

multiple flow rates. Carman-Kozeny (empirical parameters provided in chapter 7) 

trend lines are shown for each mat type, providing good fits over the range of fibre 

volume fraction addressed. The permeability of wood fibre reinforcements 

decreases with increasing fibre volume fraction as expected. The DMF mats exhibit 

the highest permeability. Several noticeable differences exist for the remaining 

three mats.  

 

 
 

Figure 3 - 16 Sample flow front visualisation images for the: (a) DMF, (b) MDF, 
(c) HS and, (d) PDF mats. 

DMF mats exhibit approximately 42%, 71% and 185% higher permeability than 

MDF, PDF and, HS respectively. The higher permeability of DMF is due to 

entanglement of fibres forming bundles (seen in Figure 3-2a) which could not be 

(c) (d) 

(a) (b) 
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separated by simple blending operation. The fibres in a bundle are held together 

by fibre/fibre interfacial bonding and fibre rough surfaces. As a result, there are 

larger paths for a fluid to flow between these bundles.  

Another possible reason for the larger flow channels is the suction of shorter and 

thinner fibres/particles through the perforated conveyer belt into the suction pipe 

during manufacture of these mats. Measured differences between the wood fibre 

mat styles seem dependent on how the fibres are separated from the bundles held 

together by lignin and hemicelluloses, before being formed into mats. The wet 

formed mats consistently showed low permeability than the dry formed products. 

Latency removal of fibres is regarded as a refining process, which mainly removes 

the curls causing entanglements present in wood fibres before being formed into 

paper (thick mats in our case).   

A mat produced by paper making machines/equipment will form a more compact 

and homogeneous distribution of fibres, causing more in-plane resistance to fluid 

flow. The permeability of HS was found lower than that of PDF mats, due to more 

compact structure of HS. The excess water was removed by compression under 

plates (couching operation) during HS formation. This step was not necessary for 

PDF mats as the bulk water was removed in the rotating perforated drum. Similar 

argument can be made for dry formed mats, where MDF represents more compact 

network of fibres than the DMF mats. 

The permeability data collected from the wood fibre mats and CFM is compared in 

Figure 3-18. Across the range of fibre volume fraction considered, permeability of 

the wood fibre mats is approximately two orders of magnitude (100 times) lower 

than that of CFM. The wood fibre mats exhibit lower permeability as they are 

formed from individual fibres, as opposed to CFM which is formed from a 

continuous bundle of approximately 200 fibres. The individual wood fibres 

provide extremely torturous paths for resin flow, with very small effective 

diameter.  
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Figure 3-19 presents permeability comparisons of CFM and a glass fibre Chopped 

Strand Mat (CSM). The data presented here has been generated from model 

parameters based on experiments, provided in a previous publication [29]. The 

results show that permeability values of CFM were very close to CSM at low fibre 

volume fractions, the difference being more as fibre volume fraction is increased. 

CFM samples demonstrate almost 75% higher permeability values at Vf = 0.40. 

This is attributed to shorter fibres packed closely using significant amount of 

binder in the CSM structure. CFM is formed from a continuous fibre bundle, loops 

being repeatedly laid to form a mat, which is evident in close-ups of CFM and 

CSM samples (Figure 3-20).  

In their current form, wood fibre reinforcement permeability is still low as 

compared to CSM samples. The CSM and CFM samples display consistent 

compaction and permeability characteristics, due to efficient packing of fibres into 

bundles with relatively consistent fibre distributions offering larger flow paths.  
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Figure 3 - 17 Permeability comparison between the wood fibre mats. 
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Figure 3 - 18 Permeability comparison between the wood fibre mats and CFM. 



Chapter 3                                                            Wood Fibre Reinforcement Manufacture and Characterisation              
 

                                                                                                                                               70 

 

1.00E-11

1.00E-10

1.00E-09

1.00E-08

0.15 0.2 0.25 0.3 0.35 0.4

Fibre Volume Fraction

P
er

m
ea

b
il

it
y
 (

m
2
)

CSM CFM

 
 

Figure 3 - 19 Permeability comparison between CSM and CFM. 
 
 
 

 

 

 
 

 

 
 

Figure 3 - 20 Commercially produced glass fibre mats; (a) CFM, and (b) CSM. 
 

 

3.3.3 Characterisation of Compaction Response 

Figure 3-21 presents the dry dynamic and static compaction response of each of 

the four wood fibre mats. PDF, HS and MDF mats exhibit a peak stress of 

approximately 3200 to 3400 kPa for dynamic compaction to a Vf of 0.4. DMF mats 

(a) (b) 
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are less stiff with a peak stress of approximately 2200 kPa at the same Vf. This 

possibly is due to formation of fibres into bundles [see Figure 3-2]. In these 

bundles the fibres are held by fibre/fibre bonding, as a result larger gaps are 

available between the fibres and bundles for the structure to re-organise during 

compaction [51, 110, 134].  
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Figure 3 - 21 Dry dynamic and static compaction response of the wood fibre mats: 
(a) DMF, (b) MDF, (c) HS, (d) and PDF. 

 

All mats show potential for stress relaxation, this being stronger with the wet 

formed mats (HS, PDF) because majority of the surface flake like fines and 

extractives are removed during wet mat formation. 

(a) (b) 

(c) (d) 
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Figure 3 - 22 Saturated dynamic and static compaction response of the wood fibre 

mats: (a) DMF, (b) MDF, (c) HS and, (d) PDF. 
 

Figure 3-22 shows compaction behaviour of wood fibre mats infiltrated with 

mineral oil. PDF, HS and MDF mats exhibit a peak stress of approximately 2700 to 

3400 kPa for dynamic compaction to Vf of 0.4. It was found that the maximum 

stress values for DMF, MDF, and HS were comparable to the dry compaction 

values. This demonstrates that the presence of mineral oil has an almost negligible 

influence on the compaction behaviour of these reinforcements, or in other words, 

did not cause the fibre lubrication effect (increased relaxation due to presence of 

fluid), a phenomena common in synthetic fibre reinforcements. Some fibre 

lubrication effect was evident in PDF mats due to smoother fibre surfaces. 

Figure 3-23 presents a complete set of compaction tests for two types of wood fibre 

mats (DMF and PDF), and compares them with data for the CFM. The peak stress 

for the dry CFM is approximately 3.5 times less than that of a DMF mat. Figure 3-

23 demonstrates that there is no apparent influence on the compaction response of 

(a) 

(c) 

(b) 

(d) 
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the DMF mat when infiltrated with mineral oil. Fibre lubrication effect is apparent 

for the PDF and CFM when infiltrated with mineral oil, causing significant 

reductions in compaction stress from the dry to saturated state.  

Figure 3.24 presents dry dynamic compaction response of CSM and CFM samples 

[29]. Both reinforcements are differentiated by their resistance to compaction, CFM 

having high resistance to compaction. The CSM structure is initially well 

consolidated due to presence of binder, each layer having an uncompressed 

thickness of 1.3 mm, and initial fibre volume fraction of approximately 0.20. CFM 

has low initial fibre volume fraction approximately 0.035. As a result CSM and 

CFM have very different compaction resistance, although the permeability 

characteristics are almost similar.  
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Figure 3 - 23 Complete set of compaction response curves for the: (a) DMF, (b) 

PDF, and (c) CFM samples. 
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Figure 3 - 24 Dry dynamic compaction response of (a) CFM, and (b) CSM. 
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3.4 Influence of Pre-compaction on Characterisation 

Pre-compaction of wood fibre reinforcements can significantly reduce applied 

mould clamping forces. This section explores the potential of overcoming high 

compaction response of wood fibre mats by pre-compacting them to a higher fibre 

volume fraction before using into any moulding experiments.  

3.4.1 Experimental Plan 

For these experiments, two different types of wood fibre reinforcements (DMF, 

and HS) were subjected to 10 cycles of loading and unloading. In each cycle, 

reinforcements were compacted to a high range fibre volume fraction of 0.5 and 

return to a lower range fibre volume fraction of 0.2. The crosshead speed was kept 

constant at 25 mm/min throughout each test. For a dynamic compaction 

experiment, the cross head was halted after 10 cycles at the target fibre volume 

fraction of 0.4. At this point, the fibre reinforcement was allowed to relax. This test 

was used to observe the compaction stress and fibre volume fraction relationship 

at target Vf on a pre-compacted sample. Similarly for static compaction and 

permeability experiments, the crosshead was halted at 0.2 Vf after cyclic 

loading/unloading to Vf = 0.5, and the tests were carried on until target Vf  of 0.4 

(0.2 to 0.4 at 0.05 steps) was reached. 

Figure 3-25a presents example stress versus time graph of pre-compaction 

experiment of DMF sample. This test explains how permanent deformation of 

wood fibre reinforcements was achieved after compacting the sample to a higher 

Vf. A compaction stress versus fibre volume fraction plot from one of the tests for 

DMF sample is presented in Figure 3-25b. These plots highlight the cyclic nature of 

the test and also demonstrate that after a number of cycles, the reinforcement 

specimens reach a state where repeatable loading/unloading cycles result. This 

observation implies that no further permanent deformation (or very little) occurs 

once this state is reached at a particular Vf. 
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Figure 3 - 25 Sample pre-compaction experiment (a) Stress versus time, and (b) 
Stress versus fibre volume fraction. 
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3.4.2 Results and Discussions 

Compaction: For these tests, the permanent deformation in wood fibre preforms 

was quantified; stress being measured at different target fibre volume fractions of 

a “pre-compacted” sample to Vf = 0.5 (after cyclic loading/unloading) as shown in 

Figure 3-25. Figure 3-26 shows dry and saturated compaction response of DMF 

samples, after cyclic loading/unloading. The peak stress was approximately 1400 

kPa for both dry and saturated tests completed at 0.4 Vf, which is 1000 kPa less (a 

difference of 70%) as compared to peak stresses achieved during a single 

compaction test as shown in Figure 3-21a. 
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Figure 3 - 26 Compaction response of a pre-compacted DMF (a) Dry, and (b) 
Saturated samples. 

Figure 3-27 shows dry and saturated compaction response of HS samples after 

cyclic loading/unloading. Similar trends were observed for HS samples, peak 

compaction stresses being reduced by approximately half, as compared to peak 

stresses achieved during single compaction test (Figure 3-21c). However, the fibre 

lubrication effect was more evident in the saturated experiments due to presence 

of relatively smooth surface fibres. The permanent deformation of wood fibre 

reinforcements can be due to re-arrangement of the fibre network, and/or fibres 

experiencing localized collapse at fibre contact points. It is clear from these tests 

that mould clamping forces can be reduced considerably by pre-compaction of 

wood fibre reinforcements. For example, higher fibre content parts can be 

(a) (b) 
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produced using the Resin Infusion process, employing reinforcement with pre-

compacted fibres which otherwise, would have been difficult to achieve under full 

vacuum. Consulting Figure 3-27, a pre-compacted sample would produce a part 

with fibre content approximately Vf = 0.30 at full vacuum, whereas a sample 

subjected to single compaction cycle will produce only Vf = 0.13 part (Figure 3-21).  
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Figure 3 - 27 Compaction response of a pre-compacted HS (a) Dry, and (b) 
Saturated samples. 

 

Permeability: Figure 3-28 presents permeability comparisons of DMF and HS 

samples and samples subjected to cyclic pre-compaction. The results show that 

very little difference was present between the two measured permeability values. 

The pre-compaction of wood fibre reinforcements affected the compaction 

response of wood fibre reinforcements quite significantly, but did not affect 

permeability much. The compaction response is due to the architecture at the 

instance when average stress is measured, and also on the dynamic architecture 

evolution prior to that. By multiple compactions, the pathway to dynamic 

compaction becomes easier. Permeability is mainly influenced by the architecture 

at the point in which the measurement is carried out, not the evolution of the 

architecture. It may be that there are small differences in the final architecture after 

multiple compactions, which compaction is sensitive but permeability is not [46].  

(a) (b) 
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Figure 3 - 28 Permeability of a pre-compacted and a non pre-compacted wood 
fibre samples (a) DMF, and (b) HS. 

3.5 Conclusions 

This chapter has addressed the characterisation of wood fibre mats, assessing their 

potential for use in the range of LCM processes. Four types of wood fibre mats 

were manufactured using dry and wet methods. Out of the four mat styles, DMF 

is most different in structure due to greater amounts of fibre bundles due to fibre 

interlocking. Fibres in the wet formed mats are well separated and more evenly 

distributed due to removal of surface fines and extractives.  

In-plane isotropic permeability tests were completed. The HS mats exhibited 

relatively low permeability, whereas DMF mats demonstrated highest 

permeability (180% higher than HS) due to fibre bundling, which provides more 

open channels for fluid to flow. Permeability data was also collected for a typical 

glass fibre mat. It was found that the wood fibre mats have permeability two 

orders of magnitude lower than the CFM. Therefore, at similar fibre volume 

fractions, wood fibre mats will take 100 times longer to fill for constant pressure 

injection. Alternatively, if constant flow rate injection is applied, the required 

injection pressure will increase by 100 times.  

A range of compaction tests were carried out to compare dry and saturated 

preform samples. Short and long term behaviour of the reinforcements was also 

(a) (b) 
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observed. It was noted that the wood fibre mats required significantly larger force 

to compact to at similar fibre volume fractions as compared to the CFM. Of the 

wood fibre reinforcements, the DMF mats were the easiest to compress, which is 

attributed to the larger amount of fibre bundles present. In their current form, the 

wood fibre mats studied require longer mould filling times, and will generate 

greater in-mould forces due to low permeability and high resistance to 

compaction.  

To overcome the high compaction response of wood fibres, samples were pre-

compacted under cyclic loading/unloading. Significant reduction in fibre stress 

was observed, which can reduce the required mould clamping forces; parts can be 

made with high fibre content. However, the permeability was found unaffected by 

pre-compaction of wood fibre reinforcements. 
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CHAPTER 44 

 

The Effect of Test Fluid Type on 

Characterisation 

 

Fibre and fluid properties determine the wetting behaviour and fibre/fibre 

interactions under compressive loading, hence influencing the fluid flow in the 

preform and tooling forces required to achieve certain part thickness. Although in 

real composite manufacturing, liquid polymeric resins are used, model fluids such 

as mineral oil, vegetable oil, glucose syrup, and water etc are used extensively 

because of ease of handling and chemical stability. Steenkamer et al [135] found 

significant influence of the test fluid (diluted glucose syrup, motor oil, and vinyl 

ester were used) on the synthetic fibre preform permeability. Foley and Gutowski 

[136] also observed the influence of test fluid type on permeability (water, corn oil, 

motor oil, Dow 200 oil were used). Hammond and Loos [75] concluded that the 

test fluid has had no significant influence on synthetic fibre reinforcement’s 

permeability. However, the influence of test fluid type on wet compaction 

behaviour is rarely addressed in literature. 

Glucose syrup is commonly used in LCM reinforcement (mainly glass and carbon 

fibres) characterisation experiments. However for natural fibres, water present in 

the test fluid will soak into the fibre walls causing dimensional changes and 

softening [21, 56, 58, 119, 137-139]. Mineral oil is a non polar fluid which will better 

mimic a current synthetic thermoset resin. However, it should also be noted that 

water based bio-resins are in development, and glucose syrup may provide a 

reasonable representation of these materials.  
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The permeability and compaction response of four manufactured wood fibre mats 

has been determined using two different test fluids, a water based polar fluid 

(glucose syrup) and a non polar fluid (mineral oil). The permeability and 

compaction characteristics of CFM have also been measured in order to provide 

comparison to the wood fibre mats under investigation. 

4.1 Experimental 

4.1.1 Test Fluids 

Diluted glucose syrup (supplied by Penford NZ Ltd) and mineral oil (Mobil 

Vacuoline 1405) were used in this study as test fluids to simulate thermoset resins. 

The glucose solution was mixed for 10 minutes at room temperature with water to 

make a viscous solution, the temperature versus viscosity graph of glucose syrup, 

mineral oil and, uncatalysed epoxy resin (Nuplex R300) using Brookfield DV-II+  

viscometer is provided in Figure 4-1. Fluid temperature was continuously 

monitored during all characterisation experiments due to the influence on 

viscosity. The same permeability and compaction characterisation procedures as 

described in Chapter 3 were used for this study. 
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Figure 4 - 1 Viscosity sweep of (a) Glucose syrup and Mineral oil, and (b) Epoxy 
Resin.  
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4.2 Results and Discussions 

4.2.1 Permeability 

The permeability data collected from the wood fibre mats is presented in Figure 4-

2, for tests with glucose syrup and mineral oil. At each volume fraction, several 

data points are presented, representing measurements at multiple flow rates. For 

both test fluids the DMF mats exhibit the highest permeability. Several noticeable 

differences exist for the remaining three mats. The permeability of wood fibre 

reinforcements decreases with increasing fibre volume fraction as expected. The 

order of highest to lowest permeability differs, and the trend lines are generally 

steeper for the glucose syrup tests. Permeability measured using glucose syrup is 

consistently smaller, the difference increasing with larger fibre volume fraction. 

Wood fibres swell when exposed to moisture. The water molecules preferentially 

permeate into the wood fibre cell walls causing swelling and softening. This 

process continues until the Fibre Saturation Point (FSP) is reached [13]. The FSP is 

defined by the moisture content at which the cell walls of the wood fibres are fully 

saturated with hygroscopic moisture but there is no free water in the cell lumina. 

It is taken as about 30 % moisture content by weight. At this point no further water 

can be taken up by the fibre. There is negligible effect on mechanical properties of 

wood above the FSP, while properties vary significantly below it [13, 57]. 

The swelling of fibres will result in reduction in the size of open flow paths, 

therefore reducing the permeability. Fibre swelling plays a more significant role at 

higher fibre volume fractions because the hydraulic conductivity of a channel 

varies according to its squared width or height [81]. This is demonstrated by the 

increasing difference between the wood fibre mat permeability data presented in 

Figure 4-2, with increasing fibre volume fraction. The least affected were the HS 

whereas MDF and PDF mats were highly affected by the presence of glucose 

syrup, having permeability approximately 10 times lower at maximum Vf. Figure 

4-3 shows the permeability comparison between DMF mats infiltrated with 
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mineral oil, glucose syrup and uncatalysed epoxy resin (Nuplex R300). The 

permeability of DMF mats (representing wood fibres), measured using mineral oil 

was found to be very close to that measured using an epoxy resin. This proves that 

mineral oil did not cause fibre swelling, showing higher permeability measured 

across the range of fibre volume fractions. This is typical of a synthetic resin, while 

glucose syrup may, for example, mimic water based bio-resins. 
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Figure 4 - 2 Permeability comparison of wood fibre mats using glucose syrup and 
mineral oil as test fluids (a) DMF, (b) MDF, (c) HS and, (d) PDF. 

The permeability data collected from CFM samples is presented in Figure 4-4, for 

tests with glucose syrup and mineral oil respectively. From these results it is clear 

that the test fluid had very little influence on the measured CFM permeability 

values, the measured difference was found to be approximately 30% at the 

maximum Vf of 0.40. 

(d) 

(c) 
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Figure 4 - 3 Permeability comparison of DMF mats using mineral oil, glucose 
syrup and epoxy resin. 
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Figure 4 - 4 Permeability comparison of CFM using glucose syrup and mineral oil 
as test fluids. 

 
 
4.2.2 Compaction Response 

Figure 4-5 presents the compaction response for samples saturated with glucose 

syrup and mineral oil. The DMF mats exhibit a peak stress of 700 kPa when 

saturated with glucose syrup (Figure 4-5e). The peak stress achieved when 

saturated with mineral oil was approximately 2200 kPa (almost 200% increase). 

This effect is most likely due to water soaking into the fibre cell walls, causing the 

wood fibre cells to soften. For the mineral oil experiment, DMF mats generate 

maximum stresses similar to the dry compaction test (see Figure 3-21a). The 



Chapter 4                                                                                The Effect of Test Fluid Type on Characterisation              

 

                                                                                                                                               87 

presence of mineral oil has negligible influence on the compaction behaviour, 

causing no wood softening. This observation was made for all four wood fibre 

mats. Figure 4-6 presents dynamic compaction response of DMF mats saturated 

with two test fluids and uncatalysed epoxy resin. The comparison shows very 

little difference between compaction response of DMF mats saturated with 

mineral oil and epoxy resin.  

Figure 4-7 presents complete set of saturated compaction response of CFM 

samples using two test fluids. The CFM exhibit a peak stress of approximately 400 

kPa when saturated with glucose syrup (Figure 4-7b). The peak stress achieved 

when samples saturated with mineral oil was found to be approximately 600 kPa 

(almost 50% increase). As the glass fibres in CFM can not absorb moisture, the 

lower stress response of the saturated tests using glucose syrup can be due to 

fibres rearranging under the lubrication effect of a more viscous fluid [140].  

By analysing these results, an important conclusion can therefore be made. A 

reduction in compaction stress will not occur due to saturation of a wood fibre 

preform with a non polar synthetic resin, and if water based bio-resins are utilised, 

significant fibre softening will reduce the compaction forces required to achieve a 

certain fibre volume fraction. Synthetic fibres on the other hand, are unaffected by 

the type of fluid with respect to fibre swelling and softening. Only the fibre 

lubrication effect is apparent for the CFM when infiltrated with glucose syrup and 

mineral oil. This effect was observed to be more with a more viscous fluid.  
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Figure 4 - 5 Saturated dynamic and static compaction response of wood fibre mats 
using (a-d) mineral oil and (e-h) glucose syrup as test fluid. 

 

(a) (e) 

(b) (f) 

(c) (g) 

(d) (h) 
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Figure 4 - 6 Saturated dynamic compaction response of DMF mats using mineral 
oil, glucose syrup and epoxy resin. 
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Figure 4 - 7 Saturated dynamic and static compaction response of CFM using (a) 
mineral oil and, (b) glucose syrup as test fluid. 

 

4.3 Conclusions 

In-plane permeability results demonstrate that nature of a test fluid has great 

influence on measured permeability of wood fibre mats. Fibre swelling reduces 

the permeability at higher fibre volume fractions when using glucose syrup, while 

there was no evidence of fibre swelling when using mineral oil as a test fluid. A 

reduction in compaction stress will not occur due to saturation of a wood fibre 

preform with a non polar fluid such as a synthetic resin. If water based bio-resins 

(a) (b) 



Chapter 4                                                                                The Effect of Test Fluid Type on Characterisation              

 

                                                                                                                                               90 

are utilised, significant fibre softening will reduce the compaction stress required 

to achieve a certain fibre volume fraction. Synthetic fibres on the other hand, 

appear unaffected by the type of fluid with respect to fibre softening and swelling. 

Only the fibre lubrication effect is apparent when the CFM is infiltrated with 

glucose syrup and mineral oil, causing significant reduction in load from dry to 

saturated state. 

Manufacturers should note the negative impact of lower permeability (longer fill 

times) of wood fibre preforms when infiltrated with a water based resin, but the 

positive benefit is the reinforcement softening, causing significant reduction in 

mould clamping forces. 
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CHAPTER 55 

 

The Effect of Fibre Bundle Length and 

Diameter on Characterisation 

 

There are several cases in composites manufacturing, in which fibres are used in 

the form of bundles rather than as individual filaments. In synthetic LCM 

reinforcements, fibres are typically bundled together in tows, separated by 

relatively large gaps which facilitate resin flow during the saturation process. The 

liquid resin must flow around and into the fibre bundles, wetting the individual 

fibres. The porosity of these tows is invariably different from the “macroscopic” 

porosity of the fibre bed. Arrays of fibre bundles are classical dual porosity media, 

characterised by their inter (gaps between tows) and intra-tow (void within a tow) 

porosities. The manner in which these interact to determine the resin flow 

resistance (permeability) and compaction response of such fibrous media is not 

well understood [36, 41, 42, 83, 92-95, 141-156]. The fibres in composites 

reinforcements are commonly gathered either in rovings and yarns or as woven 

textiles, fabrics, or random mats. The fibre packing mechanism in LCM 

reinforcements has a significant influence on their permeability and compaction 

response.  

This chapter explores the dependence of the permeability and compaction 

response of mats manufactured from chopped flax fibre yarns on important 

geometrical parameters such as reinforcing fibre bundle diameter and length. To 

study the influence of fibre bundle diameter and length, six different types of flax 

yarn mats were manufactured. A series of compaction tests were carried out on 

both dry and saturated samples. Saturated permeability was also measured at a 

number of different fibre volume fraction levels. Composite panels were 
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manufactured using an epoxy resin to visualise the penetration of resin into flax 

bundles having different yarn diameters. The broader goal of this study has been 

to engineer natural fibre mats and characterisation for the application of LCM 

processes. 

5.1 Manufacturing of Flax Fibre Mats 

Flax (Linum usitatissimum) has attracted the attention of many researchers in the 

biocomposites industry. These fibres are attractive as reinforcement due to their 

ease of handling and good mechanical properties [18, 59, 61, 63, 127, 157]. The flax 

fibres are extracted in bundles of variable lengths and diameters [2, 64, 65, 158-

160], a single flax fibre having an average length of 25-30 mm, diameter of 0.012 to 

0.027 mm and a fibre density of 1.49 g/cm3. Linear fibrous assemblies can be 

composed of filaments of discrete (staple yarns) or continuous lengths (filament 

yarns). Staple yarns are held together by an appropriate level of twist, whereas 

filament yarns may or may not have twist. Larger filament bundles that have little 

or no twist are called “rovings”. Yarns are usually smaller than rovings and some 

level of twist is added.  

“Belgium Flax” yarns (staple yarns) of three different yarn sizes, Large, Medium 

and, Small (see Table 5-1 for details) were chopped into two different lengths. Two 

sets of stainless steel rectangular cutting blades, a 350x200 mm with gang of blades 

50 mm apart and, a 300x200 mm with gang of blades, 15 mm apart were designed 

and manufactured. Parallel lengths of flax yarns were placed on to a clicking 

press. The blades were placed on top of the fibres, with the stamping action of the 

press; the fibres were chopped into 50 mm and 15 mm lengths. These blades have 

sharp flame hardened cutting edges, producing short lengths of fibres with greater 

dimensional accuracy. 
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Table 5 - 1 Flax mat details. 
 

Mat type Yarn 
linear 
density   
(g/km) 

Yarn 
diameter 
(mm) 

Yarn 
length   
(mm) 

Twist per 
meter        
(rev/m) 

Area 
density 
per layer 
(g/m2) 

No. of 
layers 

Small 83 0.35 15 287 ~400 5 
Small 83 0.35 50 287 ~400 5 
Medium 118 0.56 15 244 ~420 5 
Medium 118 0.56 50 244 ~420 5 
Large 208 0.81 15 197 ~450 4 
Large 208 0.81 50 197 ~450 4 

 

 

 
 

 
  

Large 

Medium 

Small 

 
 

Figure 5 - 1 Three different flax yarn sizes (a) on spools and, (b) in close-up. 
 

(a) 

(b) 
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Figure 5-1 presents close-ups of the three yarn diameters used in this study. The 

chopped fibre bundles were evenly spread with random orientation onto a 

500x1000 mm sheet of backing paper. These sheets were fed into a mat 

manufacturing line at Aurora Glass Fibre Ltd, Auckland, New Zealand. Figure 5-2 

shows a schematic diagram of the mat manufacturing line. The main components 

of the mat line are a conveyer, a thermoplastic polyester powder dispenser, an 

oven, and a set of rollers.  

The sheets were carefully placed onto the conveyer, which slowly carried the 

fibres towards the dispenser, which deposited polyester powder on the sheet 

(approximately 1% by weight). The sheet was then passed through the oven which 

was held at a set temperature of 120oC. The polyester powder melts at this 

temperature and adheres to the fibres. The mat was then passed under a set of 

rollers providing enough compaction force to bind the fibres together, forming an 

easily handle-able mat. The backing paper was peeled off, and the mats were cut 

into circular samples of 200 mm diameter. The samples were placed in an oven at 

65oC for 48 hours prior to testing to remove moisture from the fibres. The mats 

were assumed to be in-plane isotropic producing a regular circular flow front 

when injected at a central gate. Fibre volume fractions have been calculated using 

manufacturers data on the flax fibre density (1.49 g/cm3), and are therefore 

indicative values for comparison between the mat types. 
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Figure 5 - 2 Schematic of the mat manufacturing line. 

 

5.2 Characterisation Experiments 

5.2.1 Permeability and Compaction Characterisation 

Equipment: Most of the experimental set up used for the characterisation of wood 

fibre mats was retained for characterising flax fibre yarn mats. The copper tube 

used to measure the fluid flow rate was replaced by a set of digital weighing 

scales. The pressure pot containing the test fluid was mounted on the weighing 

scales attached to the data acquisition computer, which monitored the amount of 

fluid entering the mould cavity as shown in Figure 5-3. Mineral oil (Mobil DTE-

Heavy) was used in this study as the test fluid to simulate a thermoset resin. All 

experimental data was collected using “Bluehill” data acquisition software 

installed on the Instron system.  

Procedures: A pressure driven radial flow permeability measurement was 

performed within the round mould, utilising constant thickness circular preform 

geometry. Sample details for each fibre mat are presented in Table 5-1.  

Two types of compaction experiment have been performed, “dynamic” and 

“static” (details are found in Chapter 3). Example data has been presented in 
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Figure 5-4. The black triangles indicate peak stress at each Vf, while the black 

circles indicate the end of each relaxation period. It was observed that the 

corresponding dynamic curve closely followed the path of peak stress at each Vf 

(black triangles). Elastic models from both the “dynamic” and “static” data 

provide some useful bounds on material behaviour. 
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Figure 5 - 3 Characterisation experimental set up. 
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Figure 5 - 4 Example dry compaction data (a) Dynamic experiment, (b) Static 
experiment. 

 

 

5.2.2 Flax Yarn Composite Manufacture 

Flax yarn composite panels were manufactured using the same round aluminium 

mould installed in the 1186 Instron testing frame. The panels were manufactured 

for microscopic analysis to observe the resin penetration through the fibre 

bundles, and microstructure of compacted samples. A confocal microscope was 

found to provide images with excellent contrast between resin and flax fibres, 

having approximately similar densities.  

Three yarn size panels were manufactured using Vacuum Assisted RTM process, 

as shown in schematic diagram in Figure 5-5.  The idea of using vacuum during 

low pressure (1.5 bar) RTM process is to facilitate the resin to penetrate into the 

fibre bundles, completely saturating the individual fibres. The mould was covered 

using a vacuum bag sealing around the periphery. Full vacuum was applied using 

a “VAABS” vacuum pump.  

An epoxy resin was used, mixing Nuplex resin R-300 and hardener H-310 in 

proportions 5:1 by weight. To further enhance the contrast between the matrix and 

flax fibres, different fluorescent dyes were used. The fibre mats were dyed by 

immersion overnight in 10 mg/L aqueous acriflavine. The matrix was labelled by 

(a) (b) 
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adding 30 mg safranine to 100 g R-300 epoxy resin, stirring at 80 °C for 20 minutes, 

then cooling to room temperature prior to mixing with hardener. Samples were 

cut (10 x 5 mm) and smoothed with a microtome. The smoothness created this way 

is sufficient for confocal microscopy as the confocal lense can take an image from 

slightly beneath the cross section surface. A drop of oil was applied to the surface 

of the sample; a cover slip was placed on top. Another drop of oil was applied on 

the cover slip and the lens was brought in contact with the oil drop.  Microscopic 

images were acquired using a Leica TCS/NT Confocal Laser Microscope. The 

samples were illuminated with a Kr/Ar laser, and the resulting fluorescence was 

recorded. All images were recorded with a 16×, and a 40× lens.  
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Figure 5 - 5 VARTM experimental setup. 
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5.3 Results and Discussions 

5.3.1 Permeability 
 

 
Influence of Fibre Bundle Diameter  

Permeability data collected from mats manufactured from the large, medium and 

small yarn diameter, using the 15 mm length is presented in Figure 5-6a. At each 

fibre volume fraction, permeability data points are presented. A clear increase in 

permeability from small to medium yarn diameter was noted, a drastic reduction 

in permeability was also observed for large yarn diameter mats.  The small and 

medium yarn diameter mats exhibit an average 72 to 79% higher permeability as 

compared to the mats manufactured from large yarn diameters. The medium yarn 

diameter mats demonstrated 23% higher permeability values than the small yarn 

diameter mats at similar length.  

Figure 5-6b presents comparisons of all three yarn diameter mats with 50 mm 

length. Similar trends were found, with small and medium bundle diameter mats 

demonstrating 68% to 77% higher permeability as compared to the large yarn 

diameter mats. The medium yarn diameter mats permeability was consistently 

27% higher than the small yarn mats.  

Figure 5-7 presents close-ups of all three yarn diameter mats taken using an 

optical microscope. It was evident that the large yarn diameter mat (Figure 5-7a) 

had many untwisted and disordered individual fibres on the yarn surfaces. The 

permeability of fibre reinforcing mats and fabrics is dominated by the 

characteristics of open channels [81, 107]. The geometric parameters that describe 

fibre assembly include shape of bundle cross section, number of fibres in the 

bundle, twist angle of bundle, and dimension and shape of single fibre cross 

section. Kim and McCarthy [114] concluded that for the same fibre volume 

fraction, ordered fibre structures have higher permeability than disordered fibre 

structures. It is suspected that the low permeability of the large yarn diameter 
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mats is mainly due to the loose fibres in the yarn and disordered fibres on the yarn 

surface, which block the flow of a viscous fluid through the channels between the 

bundles.  
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Figure 5 - 6 Permeability plots of the three different yarn diameters with (a) 15 mm 

length, and (b) 50 mm length. 

The fibres in the medium and small yarn diameter are more or less intact in a 

regular spiral twist structure that allows fluid to flow without any major resistance 

through the fibre bundles. It is important that the fibre bundle structure does not 

disintegrate too much during compaction of reinforcement, before being injected 

by a viscous fluid.   

(a) 

(b) 
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Figure 5 - 7 Close-ups of manufactured mats (a) Large, (b) Medium and, (c) 
Small. 

 

The confocal microscopy images (Figure 5-8) show cross-sections through fibres in 

the composite, manufactured from three different yarn diameter mats. Cell walls 

appear as roughly-circular green shapes, mostly gathered in bundles of a few 

hundred cells. Voids appear in black. Microcracks within the matrix were 

extremely rare, and are not illustrated here. The images show that the resin 

(maroon) penetrated through the fibre bundles, and into the lumens of some of the 

individual fibre cells. Magnified images show that there is a good contact present 

between the fibres and the matrix.  

A perception was that macro level flow (flow between fibre bundles) will be 

predominant, and the resin might not penetrate through the fibre bundles, 

especially through bundles that have greater amount of twist. The confocal 

microscopy images have confirmed good resin penetration into bundles and even 

(a) (b) 

(c) 
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through fibre cell walls. Figure 5-8 a,b suggests that, the fibres in the large yarn 

diameter mats were loosely held in a bundle, blocking the open channels, 

therefore resulting in low permeability of the mat. The fibres in medium (Figure 5-

8 c,d) and small (Figure 5-8 e,f)  yarn diameter were closely packed and intact in 

the bundle, as a result more open channels were available for resin flow.   
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Figure 5 - 8 Confocal microscopy images of epoxy/flax composites 
manufactured from (a,b) large, (c,d) medium and, (e,f) small yarn diameter mats. 
 

100 µm  

100 µm  

100 µm  

40 µm  

40 µm  

40 µm  

(a) (b) 

(c) (d) 

(e) (f) 

16X 

16X 

16X 

40X 

40X 

40X 



Chapter 5                                                 The Effect of Fibre Bundle Length and Diameter on Characterisation              

 

                                                                                                                                               104 

Comparisons to other Mats  

The wood fibres in the DMF mat are predominantly present as single fibres with 

an effective diameter of approximately 0.030-0.040 mm and length of 3-4 mm. The 

fibres in CFM are in bundles of continuous lengths of 200 to 250 fibres.  Figure 5-9 

presents permeability comparisons of the DMF, flax (large, medium, and small 

with 50mm length), and CFM mats. Flax and CFM are mats with bundles of fibres, 

whereas the DMF is a mat with individual fibres, although clumps of fibres are 

visible in its structure (see Figure 3-2 in Chapter 3). Due to the very small effective 

diameter of the flow paths between the wood fibres, the permeability of this mat is 

very low. The permeability of the medium yarn diameter flax fibre yarn was 

found to be closest to the CFM mats, being significantly higher. The difference is 

smaller at low Vf and higher at high Vf, possibly due to increased untwisting of the 

flax fibre bundles. The permeability of the DMF mats was approximately two 

orders of magnitude lower than the CFM.  
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Figure 5 - 9 Permeability comparisons of different yarn diameter mats. 
 
 
Influence of Fibre Bundle Length 

Figure 5-10 demonstrates the effect of two fibre yarn lengths (15 and 50 mm) on 

mat permeability. The permeability of the mats having 50 mm yarn length and 

small yarn diameter were found to be 5 and 21% higher (Figure 5-10c) than mats 
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having 15 mm yarn length at the lowest and highest Vf respectively. Similarly the 

permeability of mats with 50 mm yarn length and medium yarn diameter was 

found to be 8 and 28% more (Figure 5-10b) at the lowest and highest Vf 

respectively, as compared to it’s 15 mm counterpart. The permeability of 50 mm 

yarn length with large yarn diameter mat (Figure 5-10a) was consistently more at 

the lowest and highest (22 and 25%) Vf.  

It is suspected that the fibre bundle ends open up during compaction, reducing 

permeability. This effect is more influential for the shorter length (15 mm) yarns. 

The permeability is further reduced at higher Vf when compaction forces are high. 

The opening or untwisting of the fibre bundles will be controlled by the number of 

bundle/bundle crossover points, which will increase with the length of the fibre 

bundles used. 
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Figure 5 - 10 Permeability plots of two different yarn length mats with (a) large, 

(b) medium and, (c) small yarn diameters. 
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5.3.2 Compaction Response 
 

 
Influence of Fibre Bundle Diameter  

Figure 5-11presents the dry compaction response measured for the large, medium 

and small yarn diameter mats with 15 mm yarn length. Both the dynamic and 

static responses are presented. All three types of mat exhibit stress relaxation after 

compaction to a range of target Vf. The large yarn diameter with 15 mm yarn 

length mats are the least stiff, the medium and small yarn diameter mats requiring 

approximately 100 % larger compaction forces. There are more fibres in the large 

yarn, packed into a space efficiently therefore, there is less fibre cross over points 

through the thickness of the mat. There is a good possibility of untwisting of large 

yarns especially at the bundle ends, allowing the fibres to re-arrange during 

compaction. Comparing the response of the medium and small yarn diameter 

mats, the compaction stresses reach more or less the same stress values at each 

target Vf. 

Figure 5-12 provides a comparison between the dynamic compaction response of 

the dry and saturated preform samples formed from all three yarn diameters, with 

the 15 mm yarn length. A moderate fibre lubrication effect was found for the 

medium and large yarn diameter mats. It was also noted that the small yarn size 

mats are least affected by the presence of fluid, possibly due to the greater twist in 

the yarn, fibres being unaffected by the presence of viscous fluid.  
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Figure 5 - 11 Dry compaction response of the 15 mm yarn length, with (a) small, 
(b) medium, and (c) large yarn diameters. 

 

(b) 

(c) 

(a) 



Chapter 5                                                 The Effect of Fibre Bundle Length and Diameter on Characterisation              

 

                                                                                                                                               109 

0

500

1000

1500

2000

0.15 0.2 0.25 0.3 0.35 0.4 0.45

S
tr

es
s 

(k
P

a
)

Fibre Volume Fraction

Large, 15mm (DryDyn)

Large, 15mm (SatDyn)

 
 

0

500

1000

1500

2000

0.15 0.2 0.25 0.3 0.35 0.4 0.45

S
tr

es
s 

(k
P

a
)

Fibre Volume Fraction

Medium, 15mm (DryDyn)

Medium, 15mm (SatDyn)

 
 

0

500

1000

1500

2000

0.15 0.2 0.25 0.3 0.35 0.4 0.45

S
tr

es
s 

(k
P

a
)

Fibre Volume Fraction

Small, 15mm (DryDyn)

Small, 15mm (SatDyn)

 
 

Figure 5 - 12 Dynamic compaction response of the 15 mm yarn length, with (a) 
small, (b) medium, and (c) large yarn diameters. 
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Figure 5-13 presents the dry compaction response measured for all three yarn 

diameter mats with 50 mm yarn length. Similar trends were observed as for the 15 

mm yarn length mats. Again, the small and medium yarn diameter mats required 

on average 100% large force to compact to similar Vf. Negligible difference was 

found between the compaction response of the medium and small yarn diameter 

mats. 

Figure 5-14 compares the dynamic compaction response of the dry and saturated 

samples formed from all three types of yarn diameters, and the 50 mm yarn 

length. As was observed for 15 mm, the large and medium yarn sizes show some 

amount of fibre lubrication. Also, the small yarn diameter mats showed almost no 

fibre lubrication effect at all. 
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Figure 5 - 13 Dry compaction response of the 50 mm yarn length, with (a) small, 
(b) medium, and (c) large yarn diameters. 
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Figure 5 - 14 Dynamic compaction response of the 50 mm yarn length, with (a) 
small, (b) medium, and (c) large yarn diameters. 
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Influence of Fibre Bundle Length  

Figure 5-15 provides a comparison between the two fibre yarn lengths, for three 

different yarn diameters. The required compaction stress for the 50 mm yarn 

length was found to be approximately 40% higher when compared to the 15 mm 

yarn length mats. It is likely that the large yarn length mats required larger 

compaction forces due to the larger number of bundle-bundle cross over points. 

There is more opportunity for fibre bundles to untwist in a shorter bundle length 

mat, resulting in a lower resistance to compaction. The fibre bundle length is less 

influential at low fibre volume fractions i.e. low compaction forces. 

 

5.3.3 Implications for LCM Processing  

The measured compaction and permeability response of the flax fibre 

reinforcements provide better understanding of how these materials will behave 

when applied to typical LCM manufacturing processes. Analysis of the required 

clamping force is useful for establishing the size of moulds and clamping press for 

best cost effectiveness. This study provides insight on how to engineer random 

reinforcing mats for an LCM process, according to a manufacturer’s requirements. 

Low permeability of a fibre network may increase cycle times, whereas high 

compaction response is directly related to larger tooling forces required to 

manufacture a part. This work has demonstrated that varying the fibre bundle 

diameters and lengths has a significant influence on the permeability and 

compaction response of natural fibre LCM reinforcements.  



Chapter 5                                                 The Effect of Fibre Bundle Length and Diameter on Characterisation              

 

                                                                                                                                               114 

0

500

1000

1500

2000

2500

0.15 0.2 0.25 0.3 0.35 0.4 0.45

S
tr

es
s 

(k
P

a
)

Fibre Volume Fraction

Large, 15mm (DryDyn)

Medium, 15mm (DryDyn)

Small, 15mm (DryDyn)

 
 

0

500

1000

1500

2000

2500

0.15 0.2 0.25 0.3 0.35 0.4 0.45

S
tr

es
s 

(k
P

a
)

Fibre Volume Fraction

Large, 50mm (DryDyn)

Medium, 50mm (DryDyn)

Small, 50mm (DryDyn)

 
 

Figure 5 - 15 Dry dynamic compaction response of the small, medium, and large 
yarn diameters, with yarn lengths of (a) 15 mm and (b) 50 mm. 

 

5.4 Conclusions 

The main focus of this study has been to characterise flax fibre yarn mats, 

assessing their potential for use as reinforcements in LCM processes. In-plane 

isotropic permeability tests were completed using three different fibre yarn 

diameters and two different fibre yarn lengths. Mats formed from the medium 

diameter yarns were more permeable, highlighting the influence of fibre bundling 

on bulk resin flow. On the other hand, the large yarn diameter mats demonstrated 

significantly lower permeability as compared to the medium and small yarn 

(a) 

(b) 
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diameter mats. This significant reduction seems mainly due to the difference in 

surface structure and amount of twist present in the yarn. The mats manufactured 

from the 50 mm fibre yarn length had higher permeability at higher Vf as 

compared to the 15 mm fibre yarn length mats. At lower Vf , the difference was 

negligible. This is possibly due to the lower influence the ends have for the larger 

bundle lengths. Bundles will untwist at the ends, loose fibres filling the open flow 

channels available for resin flow. 

A range of compaction tests were carried out to compare dry and saturated 

preform samples. The large yarn diameter mats are the least stiff, requiring 

significantly lower forces to compact at similar Vf as compared to the medium and 

small yarn diameter mats. The large and medium yarn diameter fibre mats 

showed a moderate fibre lubrication effect under saturated compaction, while 

almost no lubrication effect was noted for the small yarn diameter mats. The 

comparison of fibre yarn lengths showed that the long yarn length mats require 

larger forces to compact due to the greater number of crossover points between 

the fibre bundles.  In conclusion, a mat composed of individual fibres will 

typically require longer mould filling times and perhaps larger forces to compact 

as compared to a mat composed of regular fibre bundles.  
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CHAPTER 66 

 

RTM and I/CM Experiments 

 

Experimental studies on RTM and I/CM filling are presented in this chapter, 

comparing mould clamping force traces, evolution of injection flow rates and gate 

pressures for two different types of wood fibre reinforcements (DMF and PDF 

mats). Results from these moulding trials have been compared with experiments 

performed using glass fibre CFM. The moulding trials have demonstrated the 

consequences of the higher compaction response and lower permeability of wood 

fibre mats on clamping forces and mould filling times. Studies on the influence of 

test fluid type have also been presented in this chapter, two types of fluids being 

used in RTM and I/CM experiments.  

6.1 Moulding Experiments 

6.1.1 Equipment 

The same aluminium mould used in previous studies (Chapters 3, 4 and 5) was 

installed into the frame of an 1186 Instron testing machine, for the moulding 

experiments. The moulding experimental set up is depicted schematically in 

Figure 5-3. All effort was made to reduce any alignment error between male and 

female halves. This ensured that during the experiments, the  mould  cavity  

thickness  across  the  mould  was  equal  at  any  time.  A non uniform cavity 

thickness would result in uneven compaction of the fibre preform, resulting in 

biased fluid flow fronts and experimental results that would be misleading when 

compared against analytical predictions.  
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The same mineral oil used in the wood fibre reinforcement characterisation 

experiments (Chapter 3) was used in this study. A fluid injection line was run 

from the container of fluid, through a seal in the lid of the pressure pot and to the 

injection gate of the mould. As the air pressure within the pressure pot increases, 

the fluid is forced to flow through the injection line. The pressure pot was 

mounted on a set of weighing scales to measure the mass of fluid going into the 

mould through the injection port. 

The pressure transducer and check valve monitored gate pressure during the final 

compression phase of the I/CM process, and the injection phase of the RTM and 

I/CM processes. The valve was opened during injection, and closed during 

compression to ensure that the fluid does not flow back into the pot.  

6.1.2 Materials  

The preforms were created from layers of wood fibre mats and the CFM stock 

material. The wood fibre mats were kept in the oven at atmospheric pressure for 

48 hrs at 65 oC. The samples were cut to a 200 mm diameter using sharp round 

blades using a clicking press. A 15 mm diameter hole was also punched in the 

centre of each preform to encourage radial in-plane flow. The preforms were 

weighed and placed in the mould with the injection gate aligned to the hole. 

Tables 6-1 and 6-2 provide the measured preform masses, and moulding 

experiment details. 
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Table 6 - 1 RTM experimental details. 

Mat Sample 
mass 
(g) 

Target 
Vf 

Target 
thickness 
(mm) 

Injection 
pressure 
(kPa) 

Fluid 
viscosity 
(Pa.s) 

51.9 0.2 5.54 275 0.087 
46.2 0.3 3.29 280 0.095 

DMF 

49.9 0.4 2.66 290 0.087 
72.2 0.2 7.7 280 0.076 
67.6 0.3 4.81 281 0.076 

PDF 

70.2 0.4 3.74 285 0.066 
x 0.2 x x x 
114 0.3 4.71 273 0.09 

CFM 

113.2 0.4 3.51 279 0.09 

 
 

Table 6 - 2 I/CM experimental details. 

Mat Sample 
mass 
(g) 

Target 
thickness 
(mm) 

Injection 
thickness 
(mm) 

Target 
Vf 

Injection 
Vf 

Fluid 
viscosity 

(Pa.s) 

Fluid 
mass 
injected 
(g) 

54.4 5.8 7.74 0.2 0.15 0.087 106 
46.6 3.32 6.63 0.3 0.15 0.087 63 

DMF 

45.5 2.42 6.47 0.4 0.15 0.087 39 
58.1 6.2 8.27 0.2 0.15 0.087 135 
60.3 4.29 8.58 0.3 0.15 0.087 82 

PDF 

62.1 3.31 8.83 0.4 0.15 0.065 54 
x x x 0.2 x x x 
111.2 4.60 6.90 0.3 0.2 0.089 88 

CFM 

111 3.44 6.88 0.4 0.2 0.089 56 

6.1.3 RTM Program 

The RTM experiments for each wood fibre reinforcement were carried out at final 

Vf  of 0.20, 0.30 and 0.40. For CFM, the expected mould filling time at Vf = 0.2 was 

expected to be in fractions of a second, which practically was not possible to 

record, therefore for CFM samples, only two fibre volume fractions (0.3 and 0.4) 

were addressed. The following test procedure has been followed during the 

experimental RTM moulding trials; 
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1. The preform was placed into the centre of the mould and the central injection 

gate aligned with the hole in the centre of the preform. 

2. The LabView data acquisition system was then activated to record the fluid 

mass flow rate from the pressure pot.  

3. The experiment was initiated by programming the Instron testing machine 

software “Bluehill” to reduce the mould cavity thickness at a constant speed of 

25 mm/min, until a desired target thickness (indicated as phase “1” in Figure 

6-1) before the fluid injection phase was reached.   

4. When the target thickness was reached, the compaction was stopped and fluid 

was injected into the mould at a constant pressure (values given in Table 6-1). 

This period is indicated as “2” in Figure 6-1, where the clamping force is 

dominated by the influence of stress relaxation.  

5. The mould was allowed to fill until the test fluid hit the preform boundary and 

started to flow towards the mould boundary, which was observed visually. 

6. At this point the valve was closed, but the Instron continued recording the post 

filling data. This can be observed as a drop in clamping force in Figure 6-1, 

after the phase “2” is completed and post filling is initiated in phase “3”.  
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Figure 6 - 1 Example RTM process. 

6.1.4 I/CM Program 

The I/CM experiments for each wood fibre reinforcement were carried out at final 

Vf  of 0.20, 0.30 and 0.40. The I/CM experiments for the CFM were completed at Vf  

of 0.3 and 0.4. The following test procedure has been followed during the 

experimental I/CM moulding trials; 

1. The experiment was initiated by programming the Instron testing machine 

software “Bluehill” to reduce the mould cavity thickness at a constant speed of 

25 mm/min, until injection thickness was reached i.e. Vf  of 0.15 for the wood 

fibre preforms.  For CFM preforms, the injection process was completed at Vf of 

0.2, due to the higher permeability of CFM. The initial compaction is indicated 

as phase “1” in Figure 6-2 

2. The required amount of fluid was then injected at a constant pressure of 150 

kPa (phase “2” in Figure 6-2). 

1 2 3 

1- Compaction 

2- Injection 

3- Post Filling 
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3. At the completion of injection, the valve was closed and after a delay of 

approximately 2 seconds, the Instron was re-activated and the laminate was 

compacted at a constant speed of 2 mm/min until the final Vf (0.20, 0.30 and 

0.40) was achieved. This phase is shown as “3” in the Figure. In this phase, the 

fluid flow front is driven to the edge of the preform. 

4. Once the final Vf was reached, the cavity thickness was held until all the fluid 

pressure dies away (phase “4” in Figure 6-2). When the fluid pressure had 

equalised with atmospheric, the total compaction load was solely due to the 

force required to compress the wet fibres to the final mould cavity thickness. 
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Figure 6 - 2  Example I/CM process. 
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6.2 Experimental Results and Discussions 

6.2.1 RTM Clamping Force 

The experimental RTM clamping force traces for both wood fibre mats and the 

CFM are presented in Figures 6-3, 6-4 and 6-5. Up until t=0 seconds, the clamping 

force is only due to compaction of the dry fibre reinforcement. The force rises very 

rapidly as the target cavity thickness is reached. All force traces show a sudden 

drop in clamping force at t=0 seconds, as it is clear that the clamping force after 

the initial compression stage is strongly influenced by stress relaxation in the 

preform. The mould clamping force is strongly influenced by stress relaxation 

from this point onwards. During the injection period, the clamping force is a 

combination of preform compaction and force generated due to fluid pressure.  
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Figure 6 - 3 Comparison of RTM clamping forces for the DMF preforms. 
 

Figure 6-3 presents mould clamping force traces for the DMF preforms. The DMF 

preforms filled in 92, 187 and 380 seconds, and the peak forces were found to be 

18, 45 and 74 kN. At the completion of injection, a small drop in the clamping force 

Completion of injection 
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was observed due to the release of fluid pressure. From this point the clamping 

force continues to drop, demonstrating the non-elastic behaviour of the fibre 

reinforcement [49-51, 117, 161].  

The PDF preforms filled in 130, 258 and 468 seconds. The peak forces were 25.5, 

67.5 and 97 kN, as shown in Figure 6-4. On the basis of characterisation results, the 

high compaction response and low permeability of PDF was expected. The lower 

compaction forces and faster mould fill times of DMF mats also follow from the 

observations made during characterisation experiments.  
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Figure 6 - 4  Comparison of RTM clamping forces for the PDF preforms. 
 

Force traces for the CFM experiments are shown in Figure 6-5. A significantly 

larger peak force was generated during initial compaction of the wood fibre 

preforms, due to higher resistance to compaction as compared to the CFM. The 

mould containing CFM samples filled faster as compared to the wood fibre 

samples. The CFM mould filling times at Vf = 0.3 and 0.4 were found to be 4 and 7 

seconds respectively. When compared to the wood fibre preforms, the mould 

containing CFM preforms filled approximately 70 to 75 times faster, and required 

Completion of injection 
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approximately 3 to 4 times lower forces to compact to similar Vf values. This is a 

consequence of the lower permeability and greater resistance to compaction 

provided by the wood fibre mats.  
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Figure 6 - 5 Comparison of RTM clamping forces for the CFM preforms. 
 

 

6.2.2 RTM Flow Rate 

The experimental fluid flow rate traces for both the wood fibre mats and the CFM 

are presented in Figures 6-6, 6-7 and 6-8. Once the fluid hits the preform, all 

reinforcements show a sharp drop in flow rate with respect to time. The higher 

flow rate values correspond to the lower fibre volume fraction, and vice versa.  

Figure 6-6 shows fluid flow rate curves for DMF mats during the RTM injection 

phase. It was found that the percentage difference between low and medium fibre 

volume fraction is more than 75% whereas the percentage difference between 

medium and high fibre volume fractions was only approximately 35%.  

Completion of injection 
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Figure 6 - 6 Comparison of RTM flow rates for the DMF preforms. 
 

Figure 6-7 shows fluid flow rate curves for PDF mats during the RTM injection 

phase. The mould containing the CFM preforms filled in a few seconds as opposed 

to the wood fibre preforms as seen in Figure 6-8. Consequently only a few 

experimental data points were recorded in each case.  
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Figure 6 - 7 Comparison of RTM flow rates for the PDF preforms. 
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Figure 6 - 8 Comparison of RTM flow rates for the CFM preforms. 
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6.2.3 I/CM Clamping Force 

Figures 6-9, 6-10 and 6-11 present the clamping force traces measured during 

I/CM tests for both wood fibre preforms and the CFM. The initial fluid injection 

phase of the I/CM process is simply an RTM process that takes place at a 

relatively low fibre volume fraction. The fluid pressures and forces that are 

observed up until the end of the fluid injection phase in the DMF I/CM process, 

should therefore display similar trends to the pressures and forces seen in the 

DMF RTM experiments At the completion of injection, a quick transition was 

achieved into the compression phase. The I/CM process for the DMF preforms 

was completed (from t=0 seconds until the final compaction phase is completed) 

in 108, 120 and 137 seconds for Vf = 0.2, 0.3 and 0.4 respectively. The clamping 

force traces peak at 19, 47 and 79 kN as seen in Figure 6-9.  

The I/CM process for the PDF preforms was completed in 141, 177 and 180 

seconds, while the clamping forces peak at approximately 29, 55 and 88 kN as 

shown in Figure 6-10. After reaching the target thickness, the clamping force 

drops, slowly approaching the wet static stress level at that particular Vf. 

Comparison of the I/CM mould filling phase of DMF and PDF preforms suggest 

that, lower permeability of PDF samples have significant influence on time to 

inject the required amount of fluid even into the partially open mould cavity. The 

PDF preforms encountered higher peak clamping forces after initial and final 

compaction phases as expected. 
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Figure 6 - 9 Comparison of I/CM clamping forces for the DMF preforms. 
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Figure 6 - 10 Comparison of I/CM clamping forces for the PDF preforms. 
 

The I/CM process for the CFM preforms required on the order of 73 and 108 

seconds to complete. A slower than necessary final compaction speed was selected 

for the CFM preforms for direct comparison with the wood fibre preforms. 
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Clamping forces for the CFM preforms peak at approximately 9.2 and 25.3 kN as 

shown in Figure 6-11, significantly lower values than those observed for the wood 

fibre preforms. These results follow what was expected based on the 

reinforcement characterisation results.  
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Figure 6 - 11 Comparison of I/CM clamping forces for the CFM preforms. 
 

6.2.4 I/CM Gate Pressure 

Prediction of the gate pressure during the compression phase does not depend on 

the reinforcement compression characteristics, but on the permeability, closing 

speed, and the viscosity of the fluid. The I/CM gate pressure traces during the 

final compression phase of the DMF experiments are provided in Figure 6-12, 

whereas the traces for the PDF preforms are shown in Figure 6-13. It was noted 

that the gate pressure rises slowly at the beginning, and climbs steeply as the Vf of 

the part increases, hence decreasing the permeability. The rapid increase is also 

influenced by the increasing flow front speed, an effect that has been discussed in 

detail previously [48]. Bickerton et al [48] also noted that for CFM and CSM, the 
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gate pressure rises rapidly towards the end of compression. After reaching the 

peak, the experimental gate pressure dies away slowly. 

The gate pressures obtained from the CFM experiments are shown in Figure 6-14. 

Gate pressures measured during CFM experiments are almost negligible as 

compared to their wood fibre counterparts, due to higher reinforcement 

permeability.  
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Figure 6 - 12 Comparison of I/CM gate pressures for the DMF preforms. 
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Figure 6 - 13 Comparison of I/CM gate pressures for the PDF preforms. 
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Figure 6 - 14 Comparison of I/CM gate pressures for the CFM preforms. 
 

6.3 Comparing RTM and I/CM 

The RTM and I/CM experimental mould filling times and peak clamping forces 

for wood fibre preforms and the CFM are compared in Figures 6-15 and Figure 6-

16. These figures highlight the fact that the I/CM process has reduced mould 

filling times by 36 and 31% at Vf = 0.3, and 64 and 62% at Vf =0.4 for the DMF and 
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PDF preforms respectively. At Vf = 0.2, when permeability is low, RTM filling is 

faster as compared to I/CM on the order of 17% for DMF and 8% for PDF mats.  
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Figure 6 - 15 Mould fill time comparison for the DMF, PDF, and CFM samples 
for (a) RTM, and (b) I/CM. 

 

Consulting Figure 6-16, lower fill times have been achieved while maintaining 

similar peak clamping forces as compared to RTM. The RTM process provides the 

luxury of having constant cavity thickness throughout the process, but longer fill 

times are expected at higher Vf values for which the reinforcement permeability is 

lower. I/CM provides an alternative to overcome the low permeability of the 

reinforcing preform by injecting the required amount of resin into a partially open 

mould relatively quickly. The final speed of compaction plays an important role in 

reducing the I/CM process time, but at the expense of higher gate pressures, and 

higher clamping forces. Due to the greater number of process parameters that 

(a) 

(b) 
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need to be specified as compared to RTM, process design for I/CM is a more 

challenging task [28-30].  
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Figure 6 - 16 Peak clamping force comparison for the DMF, PDF, and CFM 
samples for (a) RTM, and (b) I/CM. 

 

6.4 Influence of Test Fluid Type on LCM Processing 

For application of natural fibres, water present in the matrix/test fluid will soak 

into the fibre cell walls causing dimensional changes and softening. As was 

discussed in Chapter 4, mineral oil being a non-polar fluid will better mimic a 

current synthetic thermoset resin. However, it should also be noted that water 

based bio-resins are in development [162], and glucose syrup may provide a 

reasonable representation of them.  

(a) 

(b) 
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It was concluded in Chapter 4 that, swelling of fibres will result in size reduction 

of open flow paths, therefore reducing the permeability. Mineral oil is not 

absorbed in the fibre cell walls, which is demonstrated by the higher permeability 

measured across the range of fibre volume fractions [refer Chapter 4]. Another 

very interesting phenomenon which was observed for the wood fibres is the 

softening effect. Water absorption in the fibre cell wall can significantly reduce 

applied compression loads [12]. This section will demonstrate the effect of the test 

fluid type on mould clamping forces and mould filling times during actual RTM 

and I/CM processes.   

6.4.1 Experimental Plan 

Diluted glucose syrup was used as a test fluid in this study. RTM and I/CM 

experiments were completed at Vf = 0.4, comparing the results with tests 

completed using mineral oil, (see Table 6-3 and 6-4 for further test details). A 25 

mm/min initial compaction speed was applied for all experiments; a 2 mm/min 

final compaction speed was used in I/CM. One RTM and one I/CM experiment 

was completed, with each material without any test fluid being injected into the 

mould cavity (a dry test). This was done to highlight the presence of fibre 

lubrication. 
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Table 6 - 3 RTM test details. 

Mat Sample 
mass (g) 

Target 
thickness 
(mm) 

Injection 
pressure 
(kPa) 

Test fluid Fluid 
viscosity 
(Pa.s) 

52.4 2.80 Nil Dry Nil 
49.9 2.66 290 Mineral 

oil 
0.087 

DMF 

57.3 3.60 295 Glucose 
Syrup 

0.135 

70.2 3.74 Nil Dry Nil 
70.2 3.74 285 Mineral 

oil 
0.066 

PDF 

73.2 3.90 290 Glucose 
Syrup 

0.135 

Table 6 - 4 I/CM test details. 

Mat Sample 
mass (g) 

Target 
thickness 
(mm) 

Injection 
thickness 
(mm) 

Test 
fluid 

Fluid 
viscosity 

(Pa.s) 

Fluid 
mass 
injected 
(g) 

48.8 2.60 6.94 Dry Nil Nil 
45.5 2.42 6.47 Mineral 

oil 
0.087 39.41 

DMF 

58.9 3.14 8.38 Glucose 
Syrup 

0.135 73.58 

60.7 3.24 8.64 Dry Nil Nil 
62.1 3.31 8.83 Mineral 

oil 
0.065 53.97 

PDF 

68.7 3.66 9.77 Glucose 
Syrup 

0.135 85.73 

6.4.2 Effect on RTM Clamping Force 

Figure 6-17 presents mould clamping force traces for the DMF preforms. The peak 

initial compaction loads in all experiments were very consistent (approximately 78 

kN). When the fluid enters the mould cavity, the total mould clamping forces are 

due to compaction of the preform plus the fluid pressure inside the mould. As the 

fluid flow front progresses through the mould cavity, the area over which the fluid 

pressure acts increases, as does the magnitude of the central fluid pressure. Since 
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wood preform compaction forces are dominant, the fluid pressure component is 

hardly visible in the Figure. No pressure can be observed during the ‘dry’ 

experiment as no fluid entered the mould cavity. At the end of each fluid injection 

phase, the fluid pressures drops away, taking approximately 20 seconds to 

equalise with atmospheric pressure. 

During experiment conducted using the glucose syrup, a drastic drop of mould 

clamping force was observed. Up until t=100 seconds the rate at which the 

clamping force decreased was very high. After this point the rate of decrease in 

clamping force was observed to be very slow. Flow front moves quickly early on 

with constant pressure, this shows strong influence of softening effect, as majority 

of area has wetted out. It was assumed that at this point many of the fibres have 

reached the FSP and become soft. The clamping forces dropped by 69% below the 

mineral oil curve. The mould filled in 380 and 404 seconds for the mineral oil and 

glucose syrup tests respectively.  
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Figure 6 - 17 RTM clamping force comparison of DMF preforms with different 
test fluids.  

 

Completion of 

injection 



Chapter 6                                                                                                                RTM and I/CM Experiments             
 

                                                                                                                                               137 

Similar trends were observed for the PDF preforms as shown in Figure 6-18. The 

peak initial compaction loads in the experiments were also consistent, except for 

the dry curve which peaked approximately 4% higher. Again a drastic drop in the 

mould clamping force was observed for the glucose syrup experiment. Up until 

300 seconds, the drop was sharp; the clamping force remained almost constant 

afterwards as the time passed, and wood fibres reached the FSP. The mould filled 

in 468 seconds for the mineral oil experiment, whereas it filled in 483 seconds for 

the glucose syrup test. The glucose syrup curve dropped approximately 70% 

below the mineral oil curve. 
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Figure 6 - 18 RTM clamping force comparison of PDF preforms with different 
test fluids.  

 

 

6.4.3 Effect on I/CM Clamping Force 

Figure 6-19 shows all three I/CM experiments completed for DMF mats. Up until 

the end of the fluid injection phase the fluid pressures exhibit almost same profile 

as seen in the DMF RTM results. However, the magnitude of the pressures were 

significantly lower as the preform permeability is relatively high at the low fibre 

volume fraction at which fluid injection takes place.   

Completion of 

injection 
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The forces recorded during the initial dry compaction phase of each DMF 

experiment display an increase similar to that seen in the RTM results. The 

magnitude of the forces measured during the DMF experiments are lower than the 

forces measured during the PDF experiments (compare Figures 6-19 and 6-20). 

The mould clamping forces dropped dramatically when the required amount of 

glucose syrup was injected into the mould cavity containing wood fibres. When 

the second phase of compression is initiated after a few seconds of delay, the fluid 

pressure at the centre of the mould is again increased. During the second phase of 

compression, the total compaction force is due to the combined effects of the fibre 

compaction stress and fluid pressure. The increase in total compaction load is seen 

to be exponential until the final mould thickness is reached. At this time, a drop in 

total compaction force is seen as the fluid pressure equalises with atmospheric 

pressure.  

The total compaction load measured on completion of each experiment is solely 

due to the load required to compress the fluid saturated reinforcing material to the 

final mould cavity thickness. Again the total compaction loads measured at the 

end of the experiments completed using glucose syrup are close to 63% and 53% 

lower than the loads recorded during the mineral oil experiments.  

The clamping forces recorded during ‘dry’ tests remained higher than the tests 

completed with mineral oil. This demonstrated the effect of fluid lubrication, 

which was highlighted in the material characterisation study in Chapter 3. 

Comparing the peak stresses recorded after final compression phase of dry and 

mineral oil experiments, the PDF samples show more fibre lubrication as 

compared to DMF preforms.  
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Figure 6 - 19 I/CM clamping force comparison of DMF preforms with different 
test fluids. 
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Figure 6 - 20 I/CM clamping force comparison of PDF preforms with different 
test fluids.  
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6.5 Conclusions 

An experimental study of the clamping force and fill time required during RTM 

and I/CM was presented in this chapter, fluid flow rates and gate pressures being 

measured for parts produced at three different fibre volume fractions. The RTM 

and I/CM clamping force traces for both wood fibre preforms showed that the 

DMF preforms required lower forces to compact and required less time to fill the 

mould. This is attributed to the larger amount of fibre bundles present, which 

generate larger gaps and flow channels for fluid to flow and also reduce resistance 

to compaction. When compared to moulding trials completed with the CFM, 

required clamping forces for the wood fibre preforms were 3 to 4 times higher at 

the addressed fibre volume fractions. It was also found that the mould containing 

CFM preforms filled much faster, generating larger flow rates and lower gate 

pressures.  

It has been observed that the I/CM process reduced mould filling times for the 

wood fibre reinforcements, while maintaining similar peak clamping forces as 

compared to RTM. Through careful process design, the I/CM process offers 

potential to overcome the lower permeability, and to some extent the high 

resistance to compaction of the wood fibre mats. 

Further experiments were completed to observe the influence of test fluid type on 

RTM and I/CM mould clamping forces. A significant reduction in mould 

clamping forces was observed during the mould filling of RTM and during mould 

filling and final compression during I/CM, due to softening of wood fibres. Fibre 

softening was not observed due to presence of mineral oil. If water based bio-

resins are utilised, significant fibre softening will reduce the compaction stress 

required to achieve a certain fibre volume fraction. Fibre swelling has also 

increased the time to fill a mould when using glucose syrup, while there was no 

evidence of fibre swelling when using mineral oil as a test fluid. 
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CHAPTER 77 

 

RTM and I/CM Modelling and Simulation 

 

LCM reinforcements are commonly assumed to behave as non linear elastic 

materials, compressive stress being a function only of local strain, or alternatively 

fibre volume fraction. As discussed in Chapter 3, a clear departure from purely 

elastic behaviour of the reinforcement was observed in the compaction 

characterisation of wood fibre mats. Observed stress relaxation typically occurs 

over time scales on the same order as that of a full LCM process, and therefore has 

the potential to significantly influence processing. As both the flow characteristics, 

and deformation behaviour of reinforcements are sensitive to cavity thickness, for 

a generic LCM filling process, determination of resin pressure requires solution of 

strongly coupled equations. In this chapter, numerical analysis based on several 

elastic compression deformation models have been presented for RTM and I/CM 

processes. Several predictions of clamping force traces and comparisons with 

experiments are presented for simple mould geometry.   

7.1 LCM Mould Filling Analysis 

Several simulations have been developed in the past [34, 41, 42, 109, 153, 163-166] 

to model resin flow through a fibre preform. Application of Darcy’s Law is a 

common practice for simulation of LCM filling processes; resin flow through the 

fibrous preform has been modelled as flow through a porous media. Resin flow is 

described by Darcy’s Law, assuming all resin velocities will remain in-plane, and 

that the wetted portion of the preform is fully saturated with resin. The simple 

geometry addressed in this study allows application of analytical solutions to 
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mould filling, fluid being injected into a flat circular mould cavity as shown in 

Figure 7-1.  
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Figure 7 - 1 Schematic of flow domain [48]. 

Isotropic in-plane preform permeability is assumed here for simplicity. Two 

distinct phases of mould filling (injection and compression) have been modelled. 

At any instant, the cavity thickness is defined as h , whereas h&  is the closing speed 

of the mould. The resin front is considered to have reached a radius rf from the 

centre of the mould. All the preform samples have been cut to a total radius, ro = 

0.1 m and the internal radius ri was maintained at 0.0075 m throughout this study. 

In order to describe flow for the range of Vf encountered during filling, 

permeability is required as a function of Vf. The resin or test fluid is assumed to be 

Newtonian, and a “thickness-averaged” continuity equation has been applied,  

( ) hh &−=⋅∇ v .                 (7.1) 

Equations 1.1 (Chapter 1) and 7.1 are combined to give the governing relationship 

for fluid pressure within the laminate,   
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hP
h

&=







∇⋅

µ
⋅∇ K .               (7.2) 

Equation 7.2 governs fluid pressure within the mould during the compression 

phase of I/CM, and if 0=h& , also during the injection phase of RTM and I/CM 

[48]. After applying the boundary conditions for constant pressure injection [see 

Appendix A], the pressure field takes the following general form;  
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The force exerted on the mould platens due to fluid pressure is found by 

integrating pressure field across the wetted portion of the mould as follows; 
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During the compression phase of I/CM, 0≠h& , and no further fluid is injected at 

the centre of the mould, and therefore radial fluid velocity is zero at r=0. As long 

as ri is small, flow into the preform at r=ri will be very small, and hence the local 

pressure gradient is approximately zero [48]. The fluid pressure field generated 

during compression flow is therefore [see Appendix A]: 

( ) ( )( )rrlnr2rr
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.             (7.6) 
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The total force generated by fluid pressure is again found by integrating the 

pressure field across the wet domain, from r= ri to r=rf: 

( )
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7.1.1 The Consolidation Approach 

There is another component of force that must be supplied by the mould, Ffibre, 

which is due to compression of the fibrous preform. As the part thickness is 

constant, stress carried by the reinforcement is assumed to be equal across the 

mould, Ffibre being simply; 

).(
22

iofibre rrF −= σπ                (7.8) 

For this study, fibre reinforcements are assumed to behave as nonlinear elastic 

materials. The total clamping force that must be supplied to the mould, Fclamp, is 

considered to be a summation as follows; 

.fibrefluidclamp FFF +=                (7.9)  

 

Calculated values of Fclamp will be compared to the total clamping force traces measured 

during the experimental study.  

The one-dimensional laminate consolidation approach suggested by Gutowski 

and co-workers is adopted here [107]. While a three-dimensional flow field is 

permitted, deformation of the reinforcement is assumed to occur in one direction, 

through the part thickness. Within the wetted portion of the mould cavity the 

laminate is considered to consist of the preform and the uncured resin. A 

momentum balance relates the total stress applied to the laminate, @total, to the local 
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average resin pressure, P, and the compressive stress being carried by the fibrous 

preform skeleton, @. It is assumed here that the stress carried by the reinforcement 

is carried equally by all layers making up a preform. Total stress is therefore given 

by the following sum,  

σσ += Ptotal .              (7.10) 

In order to employ a consolidation approach, a model is required to describe the 

evolution of the stress carried by the reinforcement through the thickness, σ. LCM 

preforms are commonly assumed to behave as nonlinear elastic materials, 

stress being a function only of local strain, or alternatively Vf [49, 51, 105, 110, 134, 

167].  

The experimental clamping force measurements presented in Chapter 6 have 

highlighted the significance of non-elastic behaviour of fibrous reinforcing 

materials. Significant levels of stress relaxation were observed, clamping forces 

dropping away once a constant cavity thickness was maintained. The magnitude 

of stress relaxation decreased with time in all wood fibre mats and the CFM. It was 

also observed in characterisation experiments that the observed stress relaxation 

occurred over time scales of similar order to a full LCM process, and therefore has 

the potential to significantly influence the clamping force history.  

The component of total clamping force due to reinforcement is calculated from the 

following Equation; 

( )∫=
o

i

r

r

fibre drrr2F σπ .              (7.11) 

In this study σ is either taken as a constant across the mould, or has varied as a 

simple step function. This is required to account for the progressive wetting of 

preforms during mould filling.  
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7.2 Material Models 

Two sets of reinforcement material data are required, including permeability as a 

function of Vf, and models describing compressive deformation response. While 

measurement of permeability is reasonably well established, deformation response 

is complicated by the existence of stress relaxation, and an apparent lubrication 

effect caused by the presence of a viscous fluid. Therefore, a combination of 

different elastic models are used to model RTM and I/CM processes in this study. 

Figure 7-2 shows example DMF dry dynamic compaction and permeability data 

plotted as a function of fibre volume fraction. Both compaction and permeability 

data are vital for modelling a range of LCM processes. Permeability data is often 

represented by Carmen-Kozeny relationship [107]. The compaction data obtained 

from characterisation experiments can be fitted for each condition of dry and 

saturated, dynamic and static using a five term polynomial, giving good fits over a 

range of fibre volume fractions. 
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Figure 7 - 2 DMF characterisation data, both permeability and required 
compressive stress plotted against fibre volume fraction. 
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7.2.1 Permeability Model 

All reinforcements considered here are assumed transversely isotropic, the 

resistance to fluid flow being equal in all in-plane directions. The isotropic 

permeability, K, was required over the full range of fibre volume fractions 

addressed in the characterisation study in Chapter 3.  

The measured permeability data can be represented by a model based on a 

modified Carmen-Kozeny relationship [25, 27, 107], 

1)1(
).(

1
)( +−= n

fn

f

f V
VC

VK ,            (7.12) 

where C and n are material constants. The permeability data presented in Chapter 

3 has been fitted using Equation 7.12, the material constants for the DMF, PDF, 

and CFM being provided in Table 7-1. The parameters provided are valid for the 

range 0.20< Vf <0.40.  

Table 7 - 1 Permeability model parameters. 
 

 

 

 

 

 

7.2.2 Compaction Models 

The compaction characterisation experiments presented in Chapter 3 have 

indicated the strong influence stress relaxation can have on required mould 

clamping forces. This behaviour, combined with the apparent lubrication effect of 

the infiltrating fluid, produce a complex interaction between the tooling force 

components due to internal fluid pressure, and due to fibre compaction. At this 

Mat C (m-2) n 

DMF 2.46 E+11 1.8 

PDF 4.00 E+11 1.76 
CFM 4.00 E+09 1.7 
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time, deformation models do not exist that can include these effects, and can be 

applicable to any general compressive strain history.  

Four limiting elastic deformation models can be established from the data 

presented in Chapter 3. For each material, one dynamic test was completed at 25 

mm/min for a dry sample. This speed corresponds to the fastest compression 

speed encountered in the RTM and I/CM tests. The following relationship has 

been used to represent compressive stress versus Vf; 

EDVCVBVAVV fffff ++++=
234

)(σ ,          (7.13) 

where A, B, C, D and, E are model parameters given in Table 7-2. The parameters 

provided are valid for the range 0.20< Vf <0.40. This equation is applied only as an 

empirical fit, and has been found to describe each curve well over the wide Vf 

ranges encountered in this study. Each dataset has been fitted to Equation 7.13, the 

dynamic curves being denoted as “dry dynamic” and “saturated dynamic”, and 

the static curves “dry static” and “saturated static”.  

Bickerton et al showed that utilising a single elastic model during RTM and I/CM 

filling analyses does not produce qualitative matches to experimental results [48]. 

A “mixed elastic” model was proposed, the aim being to treat stress relaxation, 

and the lubricating effect of the advancing flow front in a simple manner, in the 

absence of a comprehensive time-dependent model. This model combines the four 

limiting elastic models, utilising each during different stages of a moulding 

process. During periods of compression ( 0h >& , i.e. initial preform compaction, or 

the compression stage of I/CM), the “dry dynamic” or “saturated dynamic” 

models are applied, depending on whether the preform has been saturated locally.  

When the mould platens are stationary ( 0h =& ), either the “dry static” or “saturated 

static” model are applied, depending on the local saturation state. When taking 

this approach; 
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• On transition from 0h >&  to 0h =& , all stress relaxation occurs instantaneously. 

• On transition from 0h =&  to 0h >& , all stress relaxation is instantly recovered. 

As the fluid passes each position in the mould, the lubrication effect is included by 

transitioning from a “dry” to a “saturated” model. 

Application of the mixed elastic model is demonstrated schematically in Figure 7-

3. A possible deformation path for a wood fibre sample of reinforcement is 

provided for both an RTM and an I/CM process. For I/CM, several paths are 

possible, only one being provided for clarity. This approach is more applicable as 

the length of a mould filling phase increases, the time scale of stress relaxation 

being less significant.  

Table 7 - 2 Compaction response model parameters. 

Mat Test A(Pa) B(Pa) C(Pa) D(Pa) E(Pa) 

Dry Dynamic (25 mm/min) -113882 74195 5903.6 -667.72 18.335 

Dry Dynamic (2 mm/min) -102435 52446 13966 -1243.3 32.375 

Saturated Dynamic (2 mm/min) -302615 300422 -98401 19998 -1426 

Dry Static -520472 587052 -228057 42321 -2869.3 

DMF 

Saturated Static -184355 204024 -76356 17069 -1351.5 

Dry Dynamic (25 mm/min) -134007 71302 19236 -1693.2 38.985 

Dry Dynamic (2 mm/min) -125202 74782 13306 -1080.7 21.301 

Saturated Dynamic (2 mm/min) -384570 388282 -128992 25198 -1740.5 

Dry Static -56008 41047 10615 -1036.9 10.543 

PDF 

Saturated Static -850829 984796 -400142 74316 -5016.6 

Dry Dynamic (25 mm/min) 54481 -16867 6265.4 -475.2 2.3719 

Dry Dynamic (2 mm/min) 9262.2 5100.7 2116.5 -167.75 -4.8192 

Saturated Dynamic (2 mm/min) -30047 50679 -19790 4031.6 -290.95 

Dry Static 14080 4684.3 -2826.8 1019.9 -89.401 

CFM 

Saturated Static 4325.5 14620 -8644 2327 -194.87 
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Figure 7 - 3 Example reinforcement compression paths for PDF mats. (a) RTM, AB 
closing mould, BC instantaneous relaxation once target thickness reached, CD 
wetting of preform as flow front passes, (b) I/CM, AB closing mould to initial 
thickness, BC instantaneous relaxation, CDE continuation of closing through 
compression stage, FG flow front passes and mould continues to close, GH 

completion of filling. 
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7.3 Simulation Results and Discussions 

7.3.1 RTM Clamping Force Traces 

Figure 7-4 presents predicted RTM clamping force based on the mixed elastic 

model approach for the DMF mats. Mould clamping force analysis for three 

different fibre volume fractions is presented.  For each test, the total mould 

clamping force is labelled as “Total Force”. Two additional predicted force 

components are also plotted, “Fibre Force” and “Fluid Force”, which demonstrate 

the predicted relative importance of fibre and fluid force components.  

Examining Figure 7-4, it is clear that forces due to fibre compaction are dominant, 

despite the low permeability characteristics of the wood fibre mats. All predicted 

force traces show a sudden drop in clamping force at t=0 seconds, as stress 

relaxation is assumed to occur instantaneously. It is clear that development of the 

clamping force after the initial compression stage is strongly influenced by stress 

relaxation in the preform. These effects cannot be captured by a reinforcement 

compression model based on limiting elastic models [48].  

Figure 7-4 also presents comparisons of experiments and predictions. The errors in 

predicted fill times for the DMF mats were 19, 2 and, 3% at Vf = 0.2, 0.3 and 0.4 

respectively. The predicted peak forces were in good agreement with the 

experimental values. The major discrepancy was found at Vf = 0.4 where the peak 

clamping force was over predicted by 8% to the experimental value, as a result the 

whole RTM process was offset by the same magnitude (see Figure 7-4c). 
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Figure 7 - 4 Comparison of numerical and experimental RTM clamping forces for 
the DMF preforms at (a) Vf = 0.20, (b) Vf = 0.30, and (c) Vf = 0.40. 

 

(a) 

(b) 

(c) 
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Consulting Figure 7-4 a,b, the experimental clamping forces seem to catch up with 

predictions as the time goes on. After filling phase, the magnitude of drop in 

clamping forces was in agreement.  The drop in fluid pressure in experiments was 

slow, where this drop was instantaneous in predictions, a typical trend found in a 

Darcy’s law based simulations [48]. 

The predicted clamping force analysis for the PDF mats is shown in Figure 7-5. 

The mould filling times were 129, 255, and 475 seconds for Vf = 0.2, 0.3 and 0.4 

respectively. The PDF mats were stiffer as compared to the DMF counterparts, 

peaking at 23, 66, and 111 kN, which is approximately 10%, 20% and 25% higher 

than the DMF mats. The PDF preforms required longer filling times and higher 

clamping forces as compared to the DMF mats. This is attributed to more cross-

over points, fibres being laid in 0o/90o orientation as compared to bundles of fibres 

present in the DMF mat. 

The influence of the fibre lubrication effect on clamping forces is more evident in 

the PDF mats. After initial compaction at t=0 seconds, the total clamping force 

further drops to acquire saturated static stress level. This effect was less influential 

in DMF mats, where dry static (before beginning of injection) and saturated static 

(after the injection, when pressure field dies away) stresses are almost at the same 

level. Due to the presence of a lubricating fluid, the relatively smooth fibre 

surfaces present in the PDF mat (see Figure 3-8) may cause fibre slippage, which 

results in further reduction in mould clamping forces. 

Some discrepancies were present between predicted and experimental mould 

clamping force traces. The peak clamping forces were in good agreement. The 

major differences were during mould filling phase, stress relaxation with time 

playing a vital role. However, the magnitude of drop in fluid pressure component 

was in agreement with the predicted values. The errors in fill times for the PDF 

mats were less than 2% for similar Vf. The accuracy of the predicted fill times 

provides good confidence in the measured permeability data of the wood fibre 

mats.  
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Figure 7 - 5 Comparison of numerical and experimental RTM clamping forces for 
the PDF preforms at (a) Vf = 0.20, (b) Vf = 0.30, and (c) Vf = 0.40. 

(a) 

(b) 

(c) 
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Figure 7-6 presents RTM mould filling analyses for the CFM samples at Vf = 0.3 

and 0.4. Due to fast filling, experiments at lower fibre volume fractions were 

practically not possible to record at similar mould filling conditions. The CFM 

preforms peak at approximately 13 and 35 kN at Vf = 0.3 and 0.4 respectively. As 

was expected, the mould containing CFM preforms filled in a few seconds 

highlighting the high permeability due to the bundled glass fibres present in CFM.  

Figure 7-6 also presents comparisons of experimental and numerical RTM 

clamping forces of CFM preforms. The peak forces and mould filling times for the 

CFM material are well predicted, while significant differences between 

experimental and predicted forces are noted after t=0 seconds. Due to the very fast 

filling times for this reinforcement, stress relaxation is very influential during the 

mould filling period.  
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Figure 7 - 6 Comparison of numerical and experimental RTM clamping forces for 
the CFM preforms at (a) Vf = 0.30, and (b) Vf = 0.40. 

 

7.3.2 RTM Flow Rate 

The numerical and experimental fluid flow rate traces during RTM of the DMF 

mats are presented in Figure 7-7. The experimental flow rate traces compared well 

with the predictions. It was noticed that the experimental flow rate curve for the 

DMF mat at Vf = 0.20 dropped approximately 20% below the numerical curve, and 

then slowly approached the prediction as the experiment continued. Similar 

trends were found at Vf = 0.30. The flow rate comparisons made for Vf = 0.40 show 

an average of 26% under estimation of the fluid flow rate until t=100 seconds, after 

(a) 

(b) 
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which both experimental and predicted flow rate curves are in good agreement. 

The percentage difference between predicted and experimental fluid mass injected 

was found to be approximately 27%, 38% and 25% for Vf = 0.2, 0.3, and 0.40 

respectively. 

Comparison between the experimental and numerical flow rates for the PDF 

preforms is provided in Figure 7-8. The experimental and numerical curves 

compared well, except for a drastic drop in the experimental values found at the 

start of the injection. The percentage difference between predicted and 

experimental flow rate were approximately 40%, 27% and 38%. 

Comparison of the flow rate curves for the CFM preforms is shown in Figure 7-9. 

The comparisons are reasonable considering the time scale for mould filling was 

on the order of a few seconds. The amount of deviation from predicted values may 

vary from sample to sample, and/or the presence of noise in the weighing scale 

readings.  
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Figure 7 - 7 Comparison of numerical and experimental RTM flow rates for DMF 
mats at (a) Vf = 0.20, (b) Vf = 0.30, and (c) Vf = 0.40. 
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Figure 7 - 8 Comparison of numerical and experimental RTM flow rates for PDF 
mats at (a) Vf = 0.20, (b) Vf = 0.30, and (c) Vf = 0.40. 
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Figure 7 - 9 Comparison of numerical and experimental RTM flow rates for CFM 
preforms at (a) Vf = 0.30, and (b) Vf = 0.40. 

 

7.3.3 I/CM Clamping Force Traces 

As for RTM, I/CM predictions for the wood fibre preforms were very good, with 

the most obvious discrepancies occurring during the filling stage and towards the 

end of the compression flow stage. Figure 7-10 presents numerical results for the 

DMF mats. The predicted DMF mould filling times and peak forces compared well 

with the experiments, except at Vf = 0.4, where the peak force reached 82 kN.  

In I/CM, we have compression flow phase which is different from RTM. The 

comparison between experimental and numerical I/CM traces during final 

compression phase was generally good. The experimental final compression path 

(a) 

(b) 
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was in agreement with numerical. A difference exists for sample at 0.2 Vf (see 

Figure 7-10a), where discrepancies are present during filling phase, the numerical 

compression phase starting and ending earlier than experiment. Differences in 

post filling were also observed, which was expected due to the limitation of elastic 

models used to model the I/CM process.  

For PDF mats, the predicted mould filling times were 148, 169 and 183 seconds. 

The peak forces were in the order of 20, 53 and 93 kN as shown in Figure 7-11. As 

compared to RTM, the I/CM process has reduced the clamping forces by 15-20%. 

Significant improvement in fill time (approximately 150%) was achieved at highest 

fibre volume fraction. The numerical I/CM clamping force traces compared well 

with the experimental curves. Again major differences exist during filling and post 

filling phases. The peak clamping force at Vf = 0.2 is under predicted, the peak 

forces at Vf = 0.3 and 0.4 are in good agreement with reality.  

Similar trends were found for the CFM samples as shown in Figure 7-12. The fluid 

force has negligible role during the final compression phase due to the higher 

permeability of the CFM reinforcement, fluid being pushed towards the preform 

boundaries with ease. The experimental and numerical I/CM clamping force 

comparisons were good during final compression phase, peak experimental force 

for CFM sample at Vf = 0.4 was 25% higher than predicted.  

The low reinforcement permeability and high compression speeds can cause 

significant increase in injection gate pressures. A slow speed (0.5 mm/min) than 

normal was adopted for wood fibre preforms to overcome high injection gate 

pressures generated during final compression.  The fluid force component plays a 

vital role in development of total mould clamping forces, especially during final 

compression phase. Higher compression speeds could have been used for wood 

fibre reinforcements but at the expense of high gate pressures. A need for 

optimisation of different parameters exists to design a successful I/CM process.  
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Figure 7 - 10 Comparison of numerical and experimental I/CM clamping forces 
for the DMF preforms at (a) Vf = 0.20, (b) Vf = 0.30, and (c) Vf = 0.40. 
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Figure 7 - 11 Comparison of numerical and experimental I/CM clamping forces 
for the PDF preforms at (a) Vf = 0.20, (b) Vf = 0.30, and (c) Vf = 0.40. 
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Figure 7 - 12 Comparison of numerical and experimental I/CM clamping forces 
for the CFM preforms at (a) Vf = 0.30, and (b) Vf = 0.40. 

 

7.3.4 I/CM Gate Pressure 

As mentioned in Chapter 6 Section 6.2.4, the reinforcement permeability, fluid 

viscosity along with mould closing speed govern the evolution of gate pressures 

during final compression. The wood fibre preforms used in this study have low 

permeability and high compaction response. The experiments have shown that, 

I/CM process can overcome the low permeability of the wood fibre preforms by 

injecting the required amount of resin into the partially open mould cavity, then 

squeezing out the resin towards the preform boundaries. The final compaction 

(a) 

(b) 
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speed plays an important role in reducing the I/CM process time, but at the 

expense of higher gate pressures, resulting in higher clamping forces. For I/CM 

process, greater number of process parameters need to be specified as compared to 

an RTM process.  

As it was observed in the experiments, the gate pressure rises slowly at the 

beginning, and climbs steeply as the Vf of the part increases, hence decreasing the 

permeability. After reaching the peak, the experimental gate pressure dies away 

slowly, whereas the numerical gate pressure drops instantaneously as expected for 

a Darcy’s law based simulation. For the DMF preforms, peak gate pressure was 

under predicted by 23% at Vf = 0.2 and 9% at Vf = 0.3, whereas it was over 

predicted by 32% at Vf = 0.4 as shown in Figure 7-13. Similar trends were found 

from the trials completed with the PDF preforms as shown in Figure 7-14. The gate 

pressures obtained from the CFM samples (Figure 7-15) also compared well with 

the experimental traces and have negligible influence on total mould clamping 

forces. 
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Figure 7 - 13 Comparison of numerical and experimental gate pressures for DMF 
preforms at (a) Vf = 0.20, (b) Vf = 0.30, and (c) Vf = 0.40. 
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Figure 7 - 14 Comparison of numerical and experimental gate pressures for PDF 
preforms at (a) Vf = 0.20, (b) Vf = 0.30, and (c) Vf = 0.40. 
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Figure 7 - 15 Comparison of numerical and experimental gate pressures for CFM 
preforms at (a) Vf = 0.30, and (b) Vf = 0.40. 

 
 

7.4 Conclusions 

The main focus of this chapter has been the modelling of RTM and I/CM 

processes employing wood fibre reinforcements. Two types of wood fibre mats, 

dry formed DMF and, wet formed PDF mats were employed as LCM 

reinforcements. A simple mould geometry was addressed to determine RTM and 

I/CM mould clamping force components. Both processes being modelled using a 

consolidation approach, utilising different elastic models. 

(a) 

(b) 
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Simulations based on analytical solutions were presented. Predicted clamping 

forces, fluid flow rates, and gate pressures have been compared with experiments 

at three different fibre volume fractions. The predictions compared well with the 

experiments, with the largest discrepancies relating to the inability of elastic 

compression models to capture reinforcement stress relaxation.  
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CHAPTER 88 

 

Conclusions and Achievements 

 

8.1 Conclusions 

8.1.1 Individual Fibre Mats 

The broader goal of this study has been to develop natural fibre reinforcements for 

use in the range of LCM processes. Four types of wood fibre mats were 

manufactured using dry and wet methods. Out of the four mat styles, DMF was 

most different in structure due to greater amounts of fibre bundling and fibre 

interlocking. Fibres in the wet formed mats were well separated and more evenly 

distributed.  

In-plane isotropic permeability tests were completed using a test fluid. The HS 

exhibited relatively low permeability, whereas DMF mats demonstrated highest 

permeability (180% higher than HS) due to fibre bundling, which provides more 

open channels for fluid to flow. Permeability data was also collected for a typical 

glass fibre mat. It was found that the wood fibre mats have permeability two 

orders of magnitude lower than the CFM. Therefore, at similar fibre volume 

fractions, wood fibre mats will take 100 times longer to fill for constant pressure 

injection. Alternatively, if constant flow rate injection is applied, the required 

injection pressure will increase by 100 times.  

A range of compaction tests were carried out to compare dry and saturated 

preform samples. Short and long term behaviour of the reinforcements was also 

observed. It was noted that the wood fibre mats required significantly larger force 

to compact to at similar fibre volume fractions as compared to the CFM. Of the 
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wood fibre reinforcements, the DMF mats were the easiest to compress, which is 

attributed to the larger amount of fibre bundles present. In their current form, the 

wood fibre mats studied require longer mould filling times, and will generate 

greater in-mould forces due to low permeability and high resistance to 

compaction. The wood fibre mat stiffness was significantly reduced by pre-

compacting the reinforcement to a higher fibre volume fraction than target. 

 

8.1.2 Yarn Mats 

The issues of low reinforcement permeability and high compaction response were 

addressed by increasing the amount of fibre bundling within the reinforcing 

structures. To study the influence of fibre bundle diameter and length on 

characterisation, three different diameter flax fibre yarns were chopped into two 

different fibre lengths to form mats. In-plane isotropic permeability tests were 

completed, mats formed from the medium diameter yarns were more permeable, 

highlighting the influence of fibre bundling on bulk resin flow. On the other hand, 

the large yarn diameter mats demonstrated significantly lower permeability as 

compared to the medium and small yarn diameter mats. This significant reduction 

seems mainly due to the difference in surface structure and amount of twist 

present in the yarn. The mats manufactured from the 50 mm yarn length had 

higher permeability at higher Vf as compared to the 15 mm yarn length mats. At 

lower Vf , the difference was negligible. This is possibly due to the lower influence 

the ends have for the larger yarn lengths. Bundles will untwist at the ends, loose 

fibres filling the open flow channels available for resin flow. 

A range of compaction tests were carried out to compare dry and saturated 

preform samples. The large yarn diameter mats are the least stiff, requiring 

approximately 50 % lower forces to compact at similar Vf as compared to the 

medium and small yarn diameter mats. The large and medium yarn diameter fibre 

mats showed a moderate fibre lubrication effect under saturated compaction, 

while almost no lubrication effect was noted for the small yarn diameter mats. The 
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comparison of fibre yarn lengths showed that the long yarn length mats require 

larger forces to compact due to the greater number of crossover points between 

the fibre bundles.  In conclusion, a mat composed of individual fibres will 

typically require longer mould filling times and perhaps larger forces to compact 

as compared to a mat composed of regular fibre bundles.  

 

8.1.3 Influence of Test Fluid 

The influence of test fluid type on permeability and compaction response of wood 

fibre reinforcements was also determined, the samples being wetted with two 

different test fluids. The results show that fibre swelling reduced permeability at 

higher fibre volume fractions when using glucose syrup, while there was no 

evidence of fibre swelling found using mineral oil as a test fluid. The glucose 

syrup had greater influence on saturated compaction response due to wood 

softening, whereas mineral oil had almost no influence on compaction response. 

Manufacturers should note the negative impact of lower permeability (longer fill 

times) of wood fibre preforms when infiltrated with a water based resin, but the 

positive benefit is the reinforcement softening, causing significant reduction in 

mould clamping forces. 

 

8.1.4 LCM Experiments and Simulations 

An experimental study of the clamping force and fill time required during an RTM 

and I/CM process was presented, fluid flow rates and gate pressures being 

measured for parts produced at three different fibre volume fractions. The RTM 

and I/CM clamping force traces for both wood fibre preforms showed that the 

DMF preforms required lower forces to compact and required less time to fill the 

mould. When compared to moulding trials completed with the CFM, required 

clamping forces for the wood fibre preforms were 3 to 4 times higher at the 

addressed fibre volume fractions. It was also found that the mould containing 

CFM preforms filled much faster, generating larger flow rates and lower gate 
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pressures. Moulding experiments have confirmed the findings of characterisation 

studies.   

It has been observed that the I/CM process reduced mould filling times for the 

wood fibre reinforcements, while maintaining similar peak clamping forces as 

compared to RTM. Through careful process design, the I/CM process offers 

potential to overcome the lower permeability, and to some extent the resistance to 

compaction of the wood fibre mats. 

Further experiments were completed to observe the influence of test fluid type on 

RTM and I/CM mould clamping forces. A significant reduction in mould 

clamping forces was observed during the mould filling of RTM and during mould 

filling and final compression of I/CM, due to softening of wood fibres. Fibre 

softening was not observed due to presence of mineral oil. Fibre swelling has also 

increased the time to fill a mould when using glucose syrup, while there was no 

evidence of fibre swelling when using mineral oil as a test fluid. 

RTM and I/CM processes were modelled using a consolidation approach, utilising 

different elastic models. Simulations based on analytical solutions were compared 

with experiments. Predicted fluid flow rates and gate pressures have been 

compared with experiments at three different fibre volume fractions. The RTM 

and I/CM clamping force predictions compared well with the experiments, with 

the largest discrepancies relating to the inability of elastic compression models to 

capture reinforcement stress relaxation.  
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8.2 Achievements 

• Novel techniques were developed to manufacture natural fibre reinforcements 

for the application of LCM processes. 

• Common problems such as low permeability and high compaction response of 

natural fibre mats were identified, which influence LCM cycle times and 

mould clamping forces. 

• Natural fibre reinforcements were developed to improve their low 

permeability and high compaction response. 

• RTM and I/CM processes utilising natural fibre reinforcements were modeled 

and experimentally verified. 
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CHAPTER 99 

 

Future Recommendations 

 

9.1 Future Recommendations 

This work contributes to achieve the comprehensive investigations of natural 

fibres as reinforcements for LCM processes. However, it is recommended that 

future research work should be carried out as follows; 

• As natural fibres are very sensitive to moisture, further investigation is 

required to explore the influence of moisture/humidity on natural fibre 

reinforcement characterisation.  

• For Resin Infusion process, permeability through the thickness of the part is 

important. It is recommended that through thickness permeability of natural 

fibre reinforcements should be addressed in future to develop successful 

mould filling schemes. 

• This thesis presents the influence of natural fibre bundle diameter and length 

on LCM processing. One need to understand in more detail the influence of 

reinforcing fibre bundle diameter and length on final composite properties. 

• Natural fibres can be treated with various chemical solutions to improve 

mechanical properties. Further work is required to understand the influence of 

different fibre surface treatments on compaction and permeability of natural 

fibre reinforcements. 
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APPENDIX AA 

 

Analytical Solutions 

 

Flat Circular Mould Geometry 

Following is the mould filling analysis for the round flat mould geometry shown 

in Figure 7-1 

According to Darcy’s Law; 

P
1

∇⋅
µ

−= Kv ,               (A.1) 

where v is the superficial velocity vector, K is the preform permeability tensor, P is 

the local fluid pressure, and µ is the resin viscosity. In order to describe flow for 

the range of Vf encountered during filling, permeability is required as a function of 

Vf. The resin or test fluid is assumed to be Newtonian, and a “thickness-averaged” 

continuity equation has been applied,  

( ) hh &−=⋅∇ v .                (A.2) 

Equations A.1 and A.2 are combined to give the governing relationship for fluid 

pressure within the laminate,   

hP
h

&=







∇⋅

µ
⋅∇ K .                         (A.3) 

Equation A.3 governs fluid pressure within the mould during the compression 

phase of I/CM, and if 0=h& , also during the injection phase of RTM and I/CM. 
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Rewriting Equation A.3 in cylindrical coordinate system: 

.
1

Kh

h

dr

dP
r

dr

d

r

&µ
=








                         (A.4) 

During injection phase of RTM and I/CM, ;0=h&  

0=








dr

dP
r

dr

d
,               (A.5) 

Integrating twice in r, we have the general solution for P(r); 

21 ln)( CrCrP += ,                            (A.6) 

For constant pressure injection;  

iinj rrPP == @                          (A.7) 

frrP == @0                (A.8) 
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For constant flow rate injection, following boundary conditions can be applied, 

i

i

rr
hKr

Q

dr

dP
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2π

µ
           (A.10) 

frrP == @0              (A.11) 
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We can show that Q and Pinj are related at any instant by the following 

relationship: 
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Q
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2π
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,            (A.13) 

Here we present constant injection pressure filling analysis. The force exerted on 

the mould platens due to fluid pressure is found by integrating across the wetted 

portion of the mould as follws; 

∫
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The following relationship can be determined which relates flow rate Q(t) to flow 

front position and time: 

dt

dr
rVhQ

f

ff ).1(2 −= π .           (A.16) 

However it is not possible to find a closed form solution for Q(t), as we are unable 

to find one for rf(t). We can find t(rf) from the following relationship, 













 −
−






−
=

4
ln

2

)1(
)(

222

if

i

ff

inj

f

f

rr

r

rr

KP

V
rt

µ
         (A.17) 

We can also find solution for tfill. 













 −
−






−
=

4
ln

2

)1( 222

io

i

oo

inj

f

fill

rr

r

rr

KP

V
t

µ
.         (A.18) 



                                                                                                                                                            Appendix A              

 

                                                                                                                                              197 

During the compression phase of I/CM, 0≠h& , and Equation A.4  is now solved 

with respect to the following boundary conditions,  

0
dr

dP
≈ irr@ = ,            (A.19) 

0P = frr@ = .            (A.20) 

Equation A.19 follows from the fact that no further fluid is injected at the centre of 

the mould, and therefore radial fluid velocity is zero at r=0. As long as ri is small, 

flow into the preform at r=ri will be very small, and hence the local pressure 

gradient is approximately zero. The fluid pressure field generated during 

compression flow is therefore: 

( ) ( )( )rrlnr2rr
Kh4

h
)r(P f

2

i

2

f

2 +−
µ

=
&

.            (A.21)

  

The total force generated by fluid pressure is again found by integrating across the 

wet domain, from r= ri to r=rf: 
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Conservation of fluid mass provides the relationship for advancement of the fluid 

flow front, 

( )
2

i

f

2

i
f r

V1h

hrV
r +

−

−
=

π

π
,              (A.23) 

where V is the total volume of fluid introduced during the injection phase. V is 

calculated from consideration of the required resin in the finished product. During 

constant speed compression, h may be specified at any time, therefore defining rf. 
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