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Abstract 

Liquid Composite Moulding (LCM) describes a family of manufacturing processes utilised for the 

manufacture of fibre reinforced plastics. With a large number of variables and process parameters 

requiring active measurement and control, achieving high quality simultaneously with low cost 

and variability has proven an elusive target for LCM processes. Although the effects of many 

parameters and variables have been studied and understood, others have received little attention. 

As a result process robustness and consistency often do not reach levels desired, resulting in part 

defects. This thesis focuses on the study of key process and environmental parameters for LCM 

techniques, and the introduction of non-destructive measurement methods to allow for 

improvements in both quality and consistency.  

Concerning vacuum assisted resin infusion, reviews of prior literature have shown that limited 

research had been undertaken on the effects of infusion methodology, resin dissolved gas content, 

and the effects of pre-cure environmental moisture. These topics were investigated in detail, with 

infusion methodology, resin dissolved gas saturation state, and resin moisture content all being 

found to have significant impacts on the manufacturing process and final part quality. The 

knowledge gained was utilised to develop a high performance infusion manufacturing methodology 

that matched or exceeded some physical and mechanical properties of the autoclave cured prepreg 

against it was benchmarked, including fibre volume fraction, modulus, and compressive strength. 

Concerning Resin Transfer Moulding (RTM), the effects of preforming temperature and thickness 

were investigated in detail, with preforming thickness being found to significantly affect preform 

properties and subsequent RTM mould filling behaviour. Over compaction of preforms, and the 

subsequent reduction in compaction resistance and through-thickness permeability resulted in a 

dynamic compaction of the preform by the fluid pressure, substantially increasing filling rates with 

no effect on final laminate mechanical strength. Additionally, localised flow acceleration through 

over compaction of regions of the preform was achieved without significant impacts on laminate 

strength. Based on these findings, a series of experiments concerning the non-destructive testing 

of carbon preforms were performed to determine the ability of non-destructive imaging techniques 

to identify variability and defects (presence, severity) within textile structures. Through the 

evaluation of a series of carbon preforms with a range of features, a thorough understanding of the 

ability of radiography and active thermography to act as quality and process control tools in the 

preform production process chain has been developed. 
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1  
Introduction 

1.1 Composite Materials 

A composite material is defined as a substance that consists of two or more constituents that are 

insoluble in one another and possess significantly different physical or chemical properties, which 

are combined to form a non-homogenous engineering material with characteristics different to that 

of its individual components [1]. Composite materials have found wide adoption across a range of 

industries where their characteristics of high specific stiffness and strength, corrosion resistance, 

and the flexibility in design they afford are favoured. Sectors in which they are commonly employed 

include the aerospace, automotive, marine, energy, and construction industries. Composite 

materials typically contain at least one material substrate that provides structural reinforcement, 

with a wide range of reinforcement types available at a variety of scales depending on the 

application. Reinforcement types commonly employed include continuous fibre reinforcements 

such as glass, carbon or aramid fibres; particulate reinforcements, such as chopped fibres or gravel 

in concrete; and nano-scale reinforcements, such as graphene or carbon nano-tubes. Continuous 

fibre reinforcements are generally employed where the highest mechanical performance is 

required, typically in the form of fibre reinforced plastics. These combine a strong, stiff, or tough 

fibres with a surrounding matrix material. The matrix has the function of distributing load 
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between the fibres and maintaining the geometry and alignment of the fibre constituents.  

In all composite applications the selected fibre and matrix material will depend on the specific 

application, and the associated competing requirements of strength, stiffness, toughness and cost. 

A wide range of both natural and synthetic fibre types are available, with strong positive 

correlation between cost and performance. While natural fibres such as hemp and flax present a 

more environmentally sustainable solution, they typically lack the strength and consistency of 

synthetically manufactured fibres, while also introducing increased difficulty into the 

manufacturing processes due to their hydrophilic nature. Subsequently synthetic fibres are 

selected almost exclusively for high performance applications. Similarly, there are a vast array of 

polymeric matrix materials available whose individual characteristics suit them to specific use 

cases according to the desired properties of the part being produced. On the highest level, polymer 

reinforcements can be classified into thermosets and thermoplastics. Thermosets are resins that 

cure and solidify via an irreversible cross-linking of polymer chains. As for fibre reinforcements, a 

strong correlation exists between thermoset cost and performance, with high strength epoxies and 

phenolic resins utilised in aerospace structures being uneconomic compared to the polyesters used 

to produce industrial structures. Within each resin type a wide range of formulations and grades 

are available with properties formulated for specific applications. While thermosets outperform 

thermoplastics in terms of strength and stiffness, the permanent cross linking reaction prevents 

reforming or recycling that thermoplastics afford. 

Fibre reinforced plastics introduce a significant number of additional factors to both the component 

design and manufacturing stages of the product when compared to traditional isotropic materials 

such as aluminium or steel. This allows for the material to be specifically tailored to the specific 

application. Design parameters to be considered include material constituents, orientation and 

number of layers, and fibre-volume fraction. This allows for anisotropic properties in the final part, 

with a tailored response to loading conditions in different directions. In addition to this the 

manufacturing method can be selected, with a wide range of processes available with varying costs, 

scales, qualities and production volumes. Processes such a Resin Transfer Moulding allow for high 

production volumes with reasonable part quality, but require large capital investments and 

production volumes to be economic. Vacuum assisted resin transfer moulding provides a low cost 

method for the manufacture of medium and large scale parts, but is labour intensive and is only 

suitable for low volumes. The desired geometry, quality, cost and performance of the part will 

inform the most suitable manufacturing method. Regardless of the manufacturing process 

selected, the production of fibre reinforced plastics is fundamentally different from that of metallic 

components, with both benefits and compromises. In composite construction the material is 

manufactured simultaneously with the part, in contrast to metals where the material stock is 

produced into general forms at mill or foundry under tightly controlled conditions and then 

processed to reform it into the desired geometry. The tight control of the metal manufacturing 

process results in stock materials with high levels of consistency and minimal variability between 
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batches, allowing for simple manufacturing processes that require minimal monitoring, but afford 

less optimisation of the final part. Composite manufacturing processes enable production of highly 

optimised structures, with properties locally tailored to suit the design case. However, as the 

material and part creation occurs simultaneously, the processes require tight control to ensure 

consistency. With a large number of variables and process parameters requiring active 

measurement and control, achieving high quality simultaneously with low cost and variability has 

proven challenging in industry. Although the effects of many parameters and variables has been 

studied and understood, others have seen little attention, and as a result process robustness and 

consistency often falls short of the desired levels. This thesis focuses on identifying as yet 

unidentified key process parameters for liquid composite manufacturing and introducing non-

destructive measurement methods for these to allow for improvements in both quality and 

consistency.  

1.2 Liquid Composite Moulding Manufacturing 

Liquid composite moulding or LCM is a general term used to describe a wide range of composite 

manufacturing processes which involve the impregnation of a dry fibre reinforcement with a liquid 

resin matrix material. These processes involve the placing of either individual layers or bound 

textile preforms into one or two sided moulds. Single sided moulds utilise vacuum pressure and a 

flexible enclosure to create a sealed chamber. Resin is then drawn into the mould via vacuum or 

positive pressure until the fibres are fully saturated. The main process methods in the LCM class 

are Resin Transfer Moulding (RTM), Compression Resin Transfer Moulding (CRTM), Resin 

Transfer Moulding Light (RTM – Light), and Resin Infusion which goes by a number of 

pseudonyms (Vacuum Assisted Resin Infusion, Vacuum Assisted Resin Transfer Moulding, etc). 

Within each of these process methods a significant number of research organisations and 

manufacturers have made improvements and modifications, leading to a large number of sub 

processes with individual characteristics and benefits. Closed mould LCM processes have seen 

increased popularity for the production of fibre reinforced plastics compared to traditional open 

mould processes such as wet hand layup and chopped fibre spraying. Utilisation of a closed mould 

reduces exposure to potentially hazardous solvent emissions, in addition to producing higher 

quality laminates, while reducing cycle times and resin usage. Resin infusion is seeing increased 

implementation in the aerospace sector as manufacturers aim to diversify production methods 

away from autoclave cured prepreg in an attempt to remove bottlenecks and reduce costs. In the 

automotive sector high volume two sided mould liquid composite moulding processes such as RTM 

and CRTM are increasingly adopted, as they provide the short cycle times necessary to achieve 

high volume production and reduce per part costs to acceptable levels. However, in order to fully 

realise the benefits these processes provide, the creation of formed textile semi-productions, known 

as preforms, is required.   
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1.2.1 Resin Transfer Moulding 

The resin transfer moulding process is increasingly used in the automotive and aerospace sectors 

to produce complex shaped, fibre reinforced plastic components. Figure 1.1 highlights the key 

stages in the complete RTM process. First a stack is manufactured from a number of layers of dry 

fibre reinforcement. The stack is then trimmed to the desired two-dimensional shape, with multiple 

parts often cut from a single large stack. The trimmed stack then undergoes a preforming process 

via one of a variety of methods. This forms the stack into a semi-rigid fibrous shape with the 

geometry of the final part. The preform is then inserted into the RTM mould cavity and compacted 

to the desired thickness. Once the mould is closed and sealed, liquid resin is injected into the mould, 

either via vacuum pressure, positive pressure or a combination of the two. Once the mould cavity 

is filled the injection is ceased and the resin is allowed to cure. Once resin cure is complete the part 

is removed from the mould. Typically the part is then trimmed to remove excess material before 

being classified as finished. The mould tools used for RTM processes are typically constructed from 

rigid tool grade steel, with lower cost aluminium moulds only used in lower pressure and lower 

volume production runs. The mould halves are mounted in a press which provides the compaction 

force required to compress the preform and keep the mould closed when resin is injected under 

high pressure. The combination of rigid moulds with large presses and high injection pressures 

allows for the production of parts with high fibre-volume fraction and excellent surface finish. 

However, the forces and costs associated with this typically limit its application to small to medium 

size parts with large production volumes. Void content, a primary indicator of part quality, is 

largely influenced by the speed of resin flow through the mould. Resin flow which is too fast or two 

slow can result in the entrapment of air pockets within the mould, forming voids in the matrix of 

the cured part. Subsequently, careful consideration of mould filling rates is required when 

designing an RTM process. The need for low void content and part quality must be weighed against 

the requirements for cycle time and subsequent cost per part.  

 

 

Figure 1.1: Typical RTM process schematic 

As previously mentioned, manufacture of the fibre preform, the fibrous skeleton responsible for the 

stiffness and strength of the finished component, is a key step in the RTM manufacturing process. 

The production of these semi-products is essential in reducing RTM cycle times and lowering 

composite manufacturing costs. There are a wide range of preforming methodologies, including 
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stitching, tufting, weaving, braiding, knitting, and the use of binders and tackifiers, all of which 

have wide ranging and significantly different impacts on the properties of manufactured preforms. 

The preforming technique utilised to hold the three dimensional fibre structure in the desired 

geometry can significantly alter key properties of the textile, the effects of which need to be 

thoroughly understood to inform manufacturing process design. The use of binders to hold 

preforms in the desired geometry is a popular approach in the automotive and aerospace sectors, 

enabling a relatively simple preforming process. Creating a binder coated reinforcement is a 

relatively simple process and a wide range of textiles can be selected as a feed stock. The 

binderising process involves depositing small volumes of granulated binder on the surface of the 

textile and then sintering these in place. The binders are usually thermoplastic or epoxy based, 

and selected to be compatible with the desired resin systems so that the presence of the binder 

does not negatively impact laminate mechanical properties. Unlike stitching or tufting, which 

require a manual interlocking of textile layers through the use of threads, or weaving, braiding 

and knitting, which required large and complex machinery, binders only require activation and the 

forming of the textile into the desired shape. In the case of thermoplastic or heat activated 

thermoset binders this involves heating of the binder to above the glass transition temperature 

followed by the compaction or vacuum forming of the textile into the final preform geometry. Once 

the binder has cooled and solidified the preform is held in shape. This process is shown 

schematically in Figure 1.2.  

 

 

Figure 1.2: Typical RTM binder preforming process schematic highlighting key variables 

1.2.2 Resin Infusion 

The vacuum assisted resin infusion process and it’s many variants are used extensively in the 

marine and energy sectors to produce medium to large, complex shaped, fibre reinforced plastic 

components at relatively low cost. Figure 1.3 highlights the key stages in the complete vacuum 

infusion process.  

First textile layers are individually cut to the shape and orientation required. The preforming 

process is then completed, which commonly involves placing the layers into a single sided mould, 

with a binder or tackifier used in situations where gravity and friction fail to keep the textile layer 

in the desired position. It should be noted that separate manufacture of preforms, as described in 

Section 1.2.1, can also be employed. Once the laminate stack is complete a sealed chamber is 
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constructed over the laminate through the use of a flexible impermeable material that is sealed 

around the outer edge of the mould. A series of inlets and outlets are plumbed into the sealed 

chamber to allow for the removal of gasses and the introduction of resin. Air is then removed from 

the sealed chamber via a vacuum pump attached to the outlets, which leads to the compaction of 

the fibre stack via the net force being applied to the flexible chamber material. Once the chamber 

has been sufficiently evacuated resin is infused into the laminate through the inlet lines via 

vacuum pressure. Once the preform is fully wetout the inlet line is typically clamped and the resin 

is left to cure, with or without the application of external heat depending on the process and resin 

chemistry. Once resin cure is complete the part is removed from the mould. Typically the part is 

then trimmed to remove excess material before being classified as finished. The mould tools used 

for vacuum assisted resin infusion processes can be constructed from a wide range of materials, 

depending on part size and project cost allowances, with the only requirements being structural 

rigidity and impermeability to air. Tools for large scale infusions are often created from fibre 

reinforced plastics due to the reductions in cost, weight, and manufacturing time when compared 

with steel or aluminium. The combination of low tooling costs with the use of vacuum pressure to 

achieve laminate compaction allows for the creation of a wide range of parts with minimal 

investment in comparison to RTM or autoclave cured prepreg manufacturing processes. However, 

the labour intensive nature of the laminate layup and infusion processes, in combination with the 

inherent laminate variability in a process with only a single sided tool, limits the process to low 

production volumes of parts with relatively large geometric and mechanical property tolerances. 

Resin infusion requires the accurate placement of inlets and outlets when the process is utilised in 

moulds with complex geometry in order to ensure complete wet out of the reinforcement is 

achieved. Local resin flow rates within the mould which are too fast or two slow can result in the 

entrapment of air pockets within the mould. This can result in dry regions in the cured part, 

causing it to be scrapped. In addition to this the final laminate fibre volume fraction is governed 

by the compaction response of the reinforcement in combination with resin filling and draining 

phenomena during infusion, and can be difficult to control by the user. Subsequently, resin infusion 

is regarded as a higher risk manufacturing method than RTM or autoclave cured prepreg. 

  

 

Figure 1.3: Typical vacuum assisted resin infusion process schematic 

Layer Cutting
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As previously mentioned, the resin filling and draining process has a significant impact on 

laminate fibre-volume fraction, and therefore a direct influence on the mechanical properties of the 

cured part. In addition to this, correctly designing the infusion layout is key to achieving full wetout 

of the part. The laminate begins the infusion process with a thickness controlled by the net 

compaction force acting on the sealed chamber as a result of the pressure difference between the 

chamber and atmosphere. As resin is drawn into the laminate the net compaction pressure acting 

locally on the laminate decreases as fluid pressure within the chamber increases. This reduction 

in compaction pressure results in an increase in laminate thickness, and a thickness gradient 

developing across the part in the direction of resin flow. Once the laminate is fully wetout and the 

inlet is clamped this thickness gradient can be significant, resulting in substantial variations in 

part properties across its length. A wide range of improvements and variations to the vacuum 

assisted resin infusion process have been developed in order to combat these issues surrounding 

process robustness and variability.  

1.3 Motivation 

Achieving high quality simultaneously with low cost and variability has proven an elusive target 

for liquid composite moulding processes due to the large number of variables and process 

parameters requiring active measurement and control. Although the effects of many parameters 

and variables have been studied and understood, others have seen little attention. As a result 

processes robustness and consistency often falls short of the levels desired, resulting in defects. A 

summary of parameters whose effects have not been studied in depth in existing literature can be 

found in Chapter 2. The presence of defects in high cost, high performance FRP parts can be 

detrimental to both structural integrity and aesthetic appeal. With the continued application of 

these materials in large scale manufacturing processes, questions arise concerning:  

• What is classed as a defect? 

• At what stages of the process chain are defects introduced? 

• How were the defects formed? 

• What methods can be utilised to detect them? 

• What is their influence on the part and process? 

• Which process parameters can be controlled to prevent defects or mitigate their effects? 

Finding answers to the final question is key to developing robust, high quality liquid composite 

moulding processes. By answering this question there is the potential for both the material and 

manufacturing costs of FRPs to be significantly reduced. This thesis focuses on uncovering 

currently unidentified key process parameters for liquid composite manufacturing and introducing 

non-destructive measurement methods to quantify them, to allow for improvements in both quality 

and consistency of manufacturing processes. 
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The first task in achieving this is to define what defects are, and how to distinguish between 

acceptable variation and presence of defects. This definition will be dependent on the individual 

product and its associated requirements and specifications. All textile reinforcements contain an 

inherent level of variability, and a distinction has to be made as to where variability in constituents 

becomes detrimental to the manufacturing process and part properties. Common defects in 

manufactured parts include porosity, foreign body inclusion, incorrect fibre volume fraction due to 

excess/insufficient resin, bonding defects, delamination, fibre misalignment, fibre defects, and ply 

misalignment. Some defects can be inherent to a part, due to the combination of materials, 

geometries, and manufacturing processes selected during its initial design. Once a clear definition 

of the range of defects to investigate has been established, the points at which these defects are 

introduced to the manufacturing process must be determined.   

Defects can be introduced to the final part through both material constituents and processes 

employed during manufacturing, as seen in Figure 1.4. Locating the point in the process chain at 

which a defect is introduced to a part is the first stage in understanding and ultimately removing 

that defect from the production process. Once this has been determined, the mechanism through 

which the defect is formed must be investigated. For each of the defects being evaluated, a complete 

understanding of the defect formation mechanism and more importantly the key process 

parameters that influence its inception must be established. By gaining an understanding of the 

process and material parameters behind defect formation, physical and chemical processes can be 

adjusted to minimise defect occurrence/manifestation. 

 

Figure 1.4: Defect formation process chain 

A variety of techniques and technologies exist that can be implemented to locate and identify 

defects in composite materials such as thermography, vibrothermography, ultrasound, 

photogrammetry, and eddy current analysis. These technologies can detect defects at various 

stages of the manufacturing process, with varying levels of precision/accuracy. Detecting defects at 

early stages of the production process is pertinent to reducing the manufacturing costs of composite 

materials, as it allows defective parts to be removed from production before further costs are 

incurred. Testing methods can be destructive or non-destructive depending on the physical 

processes involved. This research focuses on utilising non-destructive in-situ technologies, as these 

can more readily be integrated into the early stages of production processes and subsequently more 

effective at reducing costs.  



   9 
 

   

 

Once the processes through which a defect is introduced and formed in a product, and the effects 

of the defect have been investigated and quantified, the key manufacturing parameters which 

influence it and are influenced by it must be determined. Defects may not only influence the 

mechanical properties of the finished part, they also have the potential to influence the 

manufacturing process steps, such as preforming and resin infusion. Through the use of non-

destructive testing, a process feedback loop can be established to determine what variations in 

process parameters had on the final product, as demonstrated in Figure 1.5. This feedback is 

utilised to assess and identify new key parameters and properties that affect part quality, and their 

acceptable level of variability in the manufacturing process. Knowledge gained from this process 

can be used to refine manufacturing process chains to produce high quality parts at a lower cost. 

The primary focus of thesis thesis is identifying additional key process parameters for liquid 

composite manufacturing, and introducing non-destructive measurement methods for these to 

allow for improvements in both quality and consistency. 

 

 

Figure 1.5: Example process feedback loop for flexible tool liquid composite moulding 

In processes where variability, either inherent to material systems or in manufacturing parameters, 

exceeds the levels which the manufacturing process can account for, defective parts result. In order 

to prevent this from occurring the level of variation that the manufacturing process can accept has 

to be increased, either through modifications to the manufacturing process itself, or by 

implementing active controls that allow the process to self-correct. Figure 1.6 demonstrates this 

progression schematically. Through the identification of additional key parameters in 

manufacturing, processes can be modified to maximise the acceptable level of variability. The 

acceptable level of variability in the manufacturing process can then be determined, and used to 

minimise the number of defective parts while maintaining wide enough parameters to keep costs 

low. Herein lies the secondary focus of this thesis; to utilise the newly indentified key parameters 

to increase the allowable level of variability in manufacturing, minimising defect formation.   
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Figure 1.6: Process window optimisation in flexible tool liquid composite moulding 

1.4 Objectives 

The overarching objective of this research is to add to the knowledge base of liquid composite 

moulding processing parameters to enable robust manufacturing of high performance and high 

value parts through the implementation of process monitoring, non-destructive testing, and 

process improvement. This thesis contains two distinct streams of work focusing on different LCM 

methods. 

1.4.1 Vacuum Assisted Resin Infusioin  

This research stream focuses on large scale, high performance, and high added value resin 

infusions that require repeatability to produce parts with tight performance tolerances. Targets for 

physical properties will typically exceed fibre-volume fractions of 0.55, and void contents below 1%. 

The following tasks were undertaken:  

1. Assessment of existing VARI methodologies, identifying key process parameters and 

modifications that influence part quality and process reliability. 

2. Investigation of additional under-evaluated process parameters, using experimentally 

measured data to develop process windows for each stage of the manufacturing process. 

3. Development of robust infusion methods based on active process monitoring of key 

parameters, using low cost non-destructive measurement methods where possible. 

4. Implementation of the robust infusion method to produce high quality parts in a repeatable 

manner.  
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1.4.2 Preforming and RTM  

This research stream focuses on RTM manufacturing processes with high volumes and complex 

geometries, leading to an increased likelihood of fibre defects developing during the forming stages. 

The following tasks were undertaken:   

1. Assessment of the influence of preforming process parameters on binder activation of 

textile preforms, and the influence on properties of the produced preforms. 

2. Evaluation of the effect of key preform properties on RTM mould filling. 

3. Investigation of the potential applications of localised changes in preforming parameters 

on RTM mould filling. 

4. Evaluation of the effects of global and localised changes in preforming parameters on final 

laminate quality. 

5. Assessment of full field NDT methods ability to assess preform quality, focused on 

identifying variability and defects. 

1.5 Structure of Thesis 

The outline of this thesis is as follows: 

Chapter 2 contains a brief overview of the relevant literature to date, including a summary of the 

currently identified key process parameters specific to each of the manufacturing processes of 

interest. In addition to this, key gaps in the current knowledge base are identified.  

Chapter 3 presents an objective comparison between Resin Infusion methods currently used, 

providing a level comparison in identical circumstances. Six different resin infusion methods 

including VARTM, SCRIMP, CAPRI, DBVI, VAP, and PI were investigated to discern if the 

modifications made relevant to the standard VARTM process have a distinguishable effect, and 

how significant the effect was. 

Chapter 4 presents a series of experiments concerning the characteristics of dissolved gasses in 

epoxy resin, undertaken to determine optimal processing conditions for producing low void content 

laminates. Studies undertaken included assessing the effectiveness of resin degassing techniques, 

determining the saturation conditions of dissolved oxygen across a range of pressures, measuring 

the absorption rate of oxygen into degassed epoxy, and quantifying the influence of resin dissolved 

oxygen content on laminate void content and compression strength. 

Chapter 5 presents a series of experiments concerning the characteristics of moisture absorption 

and desorption in vacuum infusion constituent materials undertaken to determine the influence of 

pre-infusion moisture content on vacuum infused laminate mechanical properties. Tests 

undertaken included studies on the influence of vacuum pressure and initial moisture content on 

moisture removal in reinforcements and consumables, studies on the influence of vacuum pressure 
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and resin depth on moisture removal in uncured epoxy resins, and investigations into the influence 

of pre-infusion moisture content on resin and laminate mechanical properties.  

Chapter 6 presents a comprehensive development and implementation of the knowledge gained 

from chapters 3,4 and 5, covering a wide range of key characteristics required to design and develop 

robust manufacturing processes. The study provided a comparison of part quality between a highly 

refined vacuum assisted resin infusion process and autoclave prepreg manufacturing methods. 

Studies undertaken included assessing the compaction response of different laminate layups, 

determining the optimum infusion methodology and parameters, and comparative tests of 

laminate physical characteristics and strength between resin infused and autoclave cured prepreg 

panels. 

Chapter 7 presents a series of experiments concerning the effects of process parameters on preform 

properties and filling behaviour, undertaken to determine the magnitude of their influence on 

subsequent stages of the resin transfer moulding process and final part quality. Studies 

undertaken included assessing the impact of key process parameters on preform properties, 

determining the influence of varying preform properties on mould filling behaviours, and 

evaluating the effects of these combined changes on laminate quality. 

Chapter 8 presents a series of experiments investigating the ability of non-destructive testing 

techniques to identify variability and features/defects in carbon fibre preforms. The ability of X-

ray and active thermography imaging techniques to identify preform features including changes 

to local and global compaction thickness, folds, and wrinkles were assessed. 

Chapter 9 presents the conclusions of this research, the original contributions of this work to the 

field and recommendations for the direction of future work. 

1.6 Original Contributions 

This research provides a number of original contributions to the field of liquid composite 

manufacturing. These are summarized in the following: 

1.6.1 Vacuum Assisted Resin Infusion 

 Infusion Methodology:  

This study presented the first comparison between the most common varieties of resin 

infusion methods currently in use in industry, providing a level comparison of all methods 

in identical circumstances  

 Resin Dissolved Gas: 

This work represents the first comprehensive investigation on the effects of dissolved 

oxygen content on void formation in resin infusion processes, covering a wide range of key 

characteristics required to design and develop robust manufacturing processes. 
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 Pre-cure Environmental Moisture: 

This investigation serves as the first comprehensive investigation on the influence of pre-

infusion moisture content on vacuum infused laminate mechanical properties, covering a 

wide range of key characteristics required to design and develop robust manufacturing 

processes. 

 High Performance Infusion Manufacturing Methodology: 

This work embodies a comprehensive development and implementation of the novel 

knowledge gained from studies on infusion methodologies and process environmental 

conditions.  

1.6.2 Resin Transfer Moulding 

 Effects of Preforming Process Parameters on Subsequent Stages of the RTM 

Manufacturing Process: 

This investigation represents the first comprehensive study on the influence of binder and 

preforming parameters on all phases of the RTM manufacturing process.  

 Non-destructive Testing of Carbon Preforms: 

This work serves as the first preliminary investigation into the potential of full field non-

destructive imaging techniques to be utilised for quality control and early defect detection 

in the resin transfer moulding manufacturing process. 
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2  
Literature Review 

The subject of key parameters that effect variability in liquid composite moulding manufacturing 

processes is broad and wide-ranging, and a significant volume of research has been undertaken on 

this subject matter. Although understanding past efforts to identify key variables in these 

processes is required in order to develop and implement high quality manufacturing procedures, 

it is not the focus of this research to follow a well-trodden path. The influence of the currently 

identified key processing variables is for the most part well understood. Despite this, 

manufacturing processes which implement the knowledge gained from these studies still 

experience defects and unaccounted variability. This indicates that additional variables exist in 

these processes which are not being accounted for. This review focuses on identifying key 

parameters which have yet to be thoroughly investigated. This chapter presents a brief review of 

the currently identified key process parameters for both RTM and VARI manufacturing methods, 

with the influence of the parameters on the process and part detailed. From this, parameters which 

have yet to undergo thorough investigation are highlighted. A detailed review of the literature 

relevant to each parameter is provided in the subsequent chapter in which its influence is 

investigated. 
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2.1 Vacuum Assisted Resin Infusion 

First pioneered in the 1950s the Marco Method, or Vacuum Assisted Resin Infusion as it is now 

known, has been used for the production of fibre reinforced plastics for close to 70 years [2]. 

Beginning in its most basic form as a simple manufacturing method that utilised vacuum pressure 

to draw resin through a fibrous reinforcement, years of development have seen the process undergo 

refinement and growth in complexity. While initially used to manufacture low cost and relatively 

low quality parts, the process is now used in the production of high performance aerospace, 

automotive, and marine structures. Improvements to the process have been gradual, with quality, 

consistency and cost all being refined as a detailed understanding of the physics and chemistry 

involved in the process was developed. Achieving these improvements has required detailed 

investigations of the large number of parameters and variables involved in the manufacturing 

process. Being a complicated process, with numerous physical and chemical phenomena occurring 

on both the macro and micro scale, studies have not only had to determine the direct influence of 

parameters and variables but also the complex interactions between these and their downstream 

impacts on subsequent manufacturing steps. Currently, a large number of key parameters involved 

in vacuum infusion have been identified and a thorough understanding of their influence 

established. These can be categorised as parameters relating to the selected resin and 

reinforcement, infusion setup and environment, and the pre-filling, filling, and post-filling stages 

of the resin infusion process. In addition to this a number of variations to the infusion process exist. 

Although the selection of resin and fibre reinforcement both carry a large number of parameters 

and variables that must be considered, the focus of this review is the parameters of the infusion 

manufacturing process itself. Key parameters in each of the aforementioned categories will be 

discussed, with their influences quantified. From this, gaps in the knowledge base will be 

highlighted, and parameters that require investigation identified 

2.1.1 Infusion Setup 

The setup of the infusion has a large influence on the filling and post filling stages of the resin 

infusion process. Resin infusion requires the accurate placement of inlets and outlets when the 

process is utilised in moulds with complex geometry in order to ensure complete wet out of the 

reinforcement is achieved. Local resin flow rates within the mould which are too fast or too slow 

can result in the entrapment of air pockets within the mould.  

2.1.1.1 Infusion Direction 

One of the first setup parameters that has to be considered is the infusion direction. The laminate 

can undergo wetout in a number of directions, with parts with large or complex geometries often 

having multiple inlets and outlets that are individually controlled to locally influence wetout 

progression. Despite this added complexity, infusion direction can generally be classified into 
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centre-out and periphery-in injection. As shown in Figure 2.1a, centre-out injection involves the 

placement of the resin inlet at the centre of the reinforcement stack, with outlet vents surrounding 

the periphery. During the infusion process the resin infuses into the centre of the part and then 

progesses to flow outward radially toward the resin outlets. Contrastingly, as shown in Figure 2.1b, 

periphery-in injection involves the placement of the resin inlets around the perimeter of the 

reinforcement stack, with outlet vents located at the centre.  

 

 

Figure 2.1: Schematic showing laminate wetting directions: a) Centre-out, b) Periphery-in 

During the infusion process the resin infuses into the outer edges of the part and then flows inward 

toward the central resin outlets. Research into infusion direction has yielded a variety of results, 

some conflicting. Studies by Abraham [3] found that peripheral inlet resin infusion was preferable 

to central injection setups. The use of peripheral inlets eliminated issues of edge tracking, 

subsequently reducing the risk of incomplete wetout and increasing process robustness. A 

periphery-in setup was found to result in lower wetting times and a reduction in void content 

compared to its counterpart. In addition, periphery-in setups were also substantially less affected 

by anisotropy in the permeabilities of the layup, whereas for central injection careful planning of 

inlets and outlets was required to achieve ideal wetting conditions. Research by Timms [4] on the 

effect of filling mode in vacuum assisted resin infusion processes showed peripheral filling resulted 

in shorter wetout times but increased post-filling times when compared to centre-out filling. 

Overall, the combined time required to infuse and reach a uniform part thickness as filling-related 

thickness gradients subsided was found to be shorter for the centre-out filling mode. Experimental 

studies of thickness gradient formation in the VARTM process undertaken by Tackitt [5] found 

that resin flow from a centre-out setup was slower than from a periphery in and possessed a lower 

pressure gradient in the infusion direction. Comparisons of periphery-in setups at different 

pressures demonstrated that a lower pressure differential between the resin inlet and vacuum 

outlet resulted in a reduction in thickness gradient across the part during filling and a lower resin 

flow velocity. The results demonstrated that for radially infused preforms with sufficiently slow 

flows, the transition from lubrication related stack compaction to fluid pressure related stack 

expansion might never occur. This suggested that the use of centre-out filling may be beneficial 

Dry Laminate

Saturated Laminate
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over periphery-in filling for specific applications where filling time is not as critical as part 

geometric uniformity. Additional studies by Correia [6] found that each of the aforementioned 

infusion directions possess their own advantages and drawbacks. For centre-out infusion air 

leakage and its subsequent effects on both filling time and final part quality were minimised, as 

air is drawn out of the part centre towards the periphery. Additionally no trimming operation is 

required with centre-out filling, allowing the production of net shape laminates. The disadvantages 

of this method were again found to be the aforementioned longer infusion times. For periphery-in 

infusions, as highlighted in previous studies, laminate wetout times were reduced. Correia [7] also 

found leak minimisation in this setup to be more difficult, and positioning of the vacuum outlet 

significantly more complex. 

2.1.1.2 Inlet and Outlet Break Length 

In addition to infusion direction, another key set of setup parameters that have to be considered is 

the inlet and outlet break lengths. In typical resin infusions that utilise a distribution media to aid 

resin flow, a gap can exist between the resin inlet and the laminate and the vacuum outlet and the 

laminate. As shown in Figure 2.2 the inlet break provides a gap between the resin inlet and the 

stack, with the distribution media providing a flow path for the resin between the two. The outlet 

break provides a similar feature but with higher flow resistance, as only peel ply connects the 

trailing edge of the laminate to the outlet vent. Adjustment of the relative lengths of these breaks 

can influence both the resin filling and post-fill resin draining processes.  

 

 

Figure 2.2: Infusion schematic with inlet and outlet break labelled 

Studies by Govignon [8] found that inlet break length primarily influences the fill rate of the 

preform, with increasing distances resulting in slower infusion and wetout speeds. Additional 

studies have shown that when using a semi-permeable membrane to create a dual chamber 
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degassing infusion, the length of the inlet break influences the level of resin degassing that occurs 

prior to wetout of the laminate [9]. A long distribution media runner between the inlet and the 

laminate enables additional degassing of the resin at the flow front to occur, and aids in the removal 

of gasses from incoming resin once wetout begins.  

Studies on the post-filling phenomena in resin infusion by Hickey [10] found that the majority of 

pressure gradient between the resin inlet and vacuum outlet occurs over the peel ply break, with  

pressure loss across the laminate being minimal when a distribution media is employed. The break 

length therefore has a dominant effect on post-fill fluid pressure and laminate thickness decay 

rates. Shortening the outlet break length subsequently allows for more accurate control of final 

laminate pressure at cure, as a reduced length allows rapid reduction in laminate pressure to the 

set pressure at the vacuum outlet. Studies by Govignon [8] found that the length of the peel ply 

break can have a large influence on the repeatability of the process, especially in the case where a 

distribution media is not present between the preform and the outlet. A small change in length can 

dramatically influence the drain rate of excess resin from the preform, and subsequently have a 

large influence on the final part thickness and fibre volume fraction. The use of an outlet break 

increases the pressure at the outlet substantially and the conclusion of filling, however it also 

results in a substantially reduced pressure equilibrium time. Studies of the correlation between 

outlet geometry and laminate void content by Kuentzer [11] revealed that adding resistance to the 

outlet end of the layup by increasing break length reduces micro void content in vacuum infused 

composites, in addition to creating a more uniform void distribution along the length of the infusion 

direction. It also results in a more uniform void distribution in the through thickness direction of 

the laminate.  

2.1.1.3 Distribution Media Flow Resistance 

Most modern vacuum assisted resin infusion methodologies employ a resin distribution media to 

aid the flow of resin into the part, allowing for reductions in infusion duration and increases in 

maximum infusion length. The use of a resin distribution media, or flow media as it is also known, 

was pioneered by Seemann Composites in the late 1980s [12] with the development of the SCRIMP 

infusion process. Different distribution media can be employed with varying levels of resin capacity 

and flow resistance. Studies by Andersson et al. [13] found that the relative flow resistance of the 

distribution media directly affects the rate of filling across the top of the part, thereby indirectly 

influencing the wetting through the laminates thickness. As distribution medias increase the resin 

flow speed across the top of the laminate, they induce a lag between resin wetout at the top and 

bottom of the laminate. Increases to the flow rate within the distribution media increases the 

difference in distance in wetout length between the top and bottom of the stack. The wetout profile 

has been observed to follow a logarithmic shape, with the greatest amounts of wetout lag occur in 

the layers furthest from the distribution media. Andersson et al. anticipated that significant 

differences in wetout distance caused by this lag are a cause of void formation and porosity [13]. 

Subsequently care must be taken when using flow enhancing layers to ensure that the flow rate of 
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the distribution media is matched to the in plane and through thickness permeability of laminate 

being infused. These predictions were further reinforced by further studies by Waldrop et al. [14]. 

Waldrop found that flow media create a highly permeable space for rapid resin migration laterally 

within the infusion vacuum chamber. Excessive resin flow front velocity can lead to the entrapment 

of air, surface porosity defects, or voids as the resin percolates downward in the through thickness 

direction of the stack. If flow velocity in the in-plain direction significantly exceeds that in the 

through-thickness direction within the preform then air becomes trapped in pockets. Air that is 

trapped a significant distance behind the wave front becomes difficult to remove as the infusion 

progresses. 

2.1.1.4 Mould Release Agents 

Mould release agents are utilised in almost all infusion processes as a medium to aid the removal 

of the cured laminate from the rigid mould. Drying chemical release agents replaced more 

traditional wax coatings, allowing for higher quality surface finishes and fewer inclusions in the 

cured laminate. Applying release agents to a mould affects the surface energy or critical surface 

tension, usually reducing these values. Studies on the effects of mould release agents on the 

infusion process were undertaken by Patel [15]. The application of release agents to mould surfaces 

was found to result in an increase in void fraction for infusions undertaken at identical flow rates. 

It is believed that the release agent provides locations on the surface for voids to attach themselves, 

with other investigations producing similar results [16].  

2.1.2 Infusion Environment 

The environmental conditions in which the vacuum assisted resin infusion process is completed 

have a large influence on the filling and post filling stages of the resin infusion process, in addition 

to substantial effects on final part quality. Infusions that are not completed in climate controlled 

conditions will be subject to changes in temperature and humidity, both of which can influence 

chemical and physical processes in the manufacturing method. 

2.1.2.1 Infusion Temperature 

Infusion temperature has a range of effects on the fibres and consumables utilised in the 

manufacturing process. However, the most substantial effect it has is on the resin, affecting both 

resin viscosity and gel rate. Studies by Hickey [10] have shown that the influence of temperature 

is resin dependent. Increasing the resin temperature decreases the initial viscosity at the 

beginning of the infusion process. However, this can result in a substantial increase in viscosity by 

the time full wetout of the laminate has occurred due to the increased temperature accelerating 

resin cure. Being dependent on chemistry, for some resins an ideal temperature exists that 

minimises viscosity without promoting excessive cure acceleration. During the post-fill curing 

phase elevated temperatures result in lower resin viscosity. This allows for quicker draining of 

excess resin from the laminate and reduction in laminate fluid pressure, but also reduces the time 

for these processes to occur before resin gel occurs. Lower temperatures during the post-fill phase 
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has the inverse effect, reducing flow and drainage rates but increasing the time for the process to 

occur. Additional studies by Patel et al. [17] have shown that high mould temperatures result in 

better bonding and wetting of the resin through the glass fibre reinforcement, in turn leading to 

increased mechanical properties of the final part. However, increasing mould temperature does 

have the effect of reducing resin gel time. Patel et al. [17] also found that longer gelation periods 

lead to stronger interfacial bonding between resin and fibre. Subsequently, for each resin system 

an optimum processing temperature exists that results in the best interface, trading off between 

the benefits provided by slow gelation and improved wetting. 

2.1.2.2 Infusion Humidity 

In addition to temperature, humidity levels also have a range of effects on the fibres, resins and 

consumables involved in the vacuum infusion process. The most substantial effects relate to the 

effects of vacuum pressure on water vapor, with water boiling below room temperature at vacuum 

levels commonly employed in the vacuum infusion process. This results in small volumes of 

condensed or absorbed water producing large volumes of gas which can be detrimental to part 

quality. Fibre reinforcements, consumables, and resins are all inevitably exposed to atmospheric 

moisture as a part of the vacuum assisted resin infusion manufacturing process. Moisture absorbed 

by these materials during both elongated storage periods and prior to infusion during layup has 

the potential to detrimentally influence the final quality of the laminate and reduce mechanical 

properties.   

The environmental conditions in which materials and consumables required for composite 

manufacturing are exposed to, both during storage and manufacturing, have a significant impact 

on the quality and mechanical performance of the final part [18], [19]. The effect of moisture 

absorption in natural fibres has been studied at length, with the relatively high moisture 

absorption levels leading to significant effects on porosity, stiffness and strength [19], [20]. During 

storage and manufacturing the materials equilibrate with the environmental conditions to which 

they are exposed. Consumables, textiles and resin systems absorb or desorb moisture present in 

order to reach an equilibrium saturation level that is dependent on the temperature and humidity 

level of the surrounding atmosphere [21]. In addition to this, resins also absorb/desorb gaseous 

molecules including nitrogen and oxygen. Absorption of such gasses has been shown to be highly 

influential on void formation during the vacuum assisted resin infusion manufacturing process 

[22]. Due to the important role that absorption and desorption of moisture and gasses has on the 

quality of resin infused parts, it is necessary to fully understand the influence of the manufacturing 

environment and manufacturing processes on this phenomenon. While moisture sorption and 

desorption in cured epoxies and composite laminates has been investigated in detail, limited 

studies have focused on the moisture uptake of uncured epoxy resin systems. The effectiveness of 

resin moisture removal via vacuum is not established, despite vacuum degassing being an integral 

part of the pre-infusion process. Additionally, no information on the influence of pre-cure resin 

moisture content on mechanical properties is readily available. This presents a gap in the 
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established knowledge of significant importance, given that post cure moisture sorption has been 

well established as influential on laminate mechanical properties.  

2.1.3 Infusion Pre-Filling Processes 

In the vacuum assisted resin infusion manufacturing method a number of key processes are 

undertaken prior to the infusion of the resin into the laminate. This stage of the manufacturing 

process is referred to as pre-filling, and can include compaction cycling of the fibre stack, laminate 

degassing and leak checking, and de-bubbling and degassing of the resin.  

2.1.3.1 Laminate Compaction Cycling 

Multiple compaction cycles on dry fibre laminates has been shown to increase laminate compaction 

and decrease the laminate spring constant. This phenomena was first documented by Boeing in 

the early 2000s, being an integral part of their CAPRI resin infusion process [23]. It was found that 

compaction/debulking cycles on dry fibres can result in a higher net compaction of the fibre bed, 

along with a reduced spring constant. This results in the preform being compacted to a lower 

thickness prior to infusion, and requiring less net compaction pressure in order to remain at this 

thickness. Typical Aerospace type laminates require around 5-10 cycles before there is no further 

increase in compaction. The decrease in laminate thickness and spring constant can result in 

increases in fibre volume fraction of the cured laminate of ~5%, with the process capable of 

producing aerospace quality fibre-reinforced resin composites having fibre volume fractions and 

tool-side surface finishes comparable to that of prepreg laminates [24].  

2.1.3.2 Laminate Degassing 

Prior to the infusion process the laminate stack undergoes vacuum degassing [6], [25]. This serves 

two functions, to check for leaks in the chamber, and to remove moisture from the textile stack and 

consumables. Leaks in the chamber reduce the vacuum pressure level that can be achieved, 

directly affecting the net compaction pressure on the laminate and the subsequent final fibre-

volume fraction of the cured part [6]. Additionally, leaks can result in the entrainment of air 

bubbles within the laminate, increasing the void content. Care is required to eliminate leaks at the 

resin inlet of the chamber, as air drawn into the chamber at this point will be drawn through to 

laminate towards the vacuum outlet [26]. The leak detection process commonly involves the 

clamping of the inlets and outlets of the vacuum chamber, with laminate pressure being monitored 

[25], [27]. Increases in laminate pressure indicate leaks are present. The acceptable rate of 

pressure increase in the laminate is dependent on the required quality of the part. Ultrasonic leak 

detectors are commonly employed to pinpoint the exact location of leaks so that repairs to the 

vacuum chamber can be made [28]. Laminate degassing also aids in the removal of moisture from 

the textile stack and vacuum consumables. As previously discussed in Section 2.1.2.2 fibre 

reinforcements, consumables, and resins are all inevitably exposed to atmospheric moisture as a 

part of the vacuum assisted resin infusion manufacturing process. Moisture absorbed by these 

materials during both elongated storage periods and prior to infusion during layup has the 
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potential to detrimentally influence the final quality of the laminate and reduce mechanical 

properties [18], [19]. Small volumes of condensed or absorbed water produce large volumes of gas 

when laminate pressure is reduced below the boiling point, which can be detrimental to part quality. 

However, the effectiveness of laminate moisture removal via vacuum degassing is not well 

established, despite vacuum degassing being an integral part of the pre-infusion process. 

Accurately characterising and quantifying this process is of high importance, given that moisture 

content in natural fibres has been well established as influential on laminate mechanical 

properties [19], [20]. 

2.1.3.3 Resin Degassing 

In addition to the laminate, prior to infusion the resin also undergoes degassing. This involves 

placing the mixed or unmixed resin components in a vacuum chamber and reducing the pressure 

in an effort to remove gas from the resin. Gaseous components dissolved into resin at room 

conditions are a key source of void formation, which is instigated once resin pressure is reduced to 

below atmospheric levels [29]. This mechanism of porosity creation is closely associated with the 

vacuum assisted resin infusion process, due to the resin infusion and post-fill stages being 

completed significantly below atmospheric pressure. According to Henry’s law [30], in a liquid 

system at equilibrium, the gas concentration increases linearly with respect to the absolute 

pressure of the gas above the liquid body. This has the implication that as fluid approaches zero 

absolute pressure its saturated dissolved gas concentration must also tend towards zero. During 

the liquid infusion process, a pressure gradient is created in order to infuse the preform by applying 

vacuum to the outlet end. If resin being infused was exposed to pressures higher than this infusion 

vacuum level prior to this for a sufficient period of time, it will become over-saturated with gasses 

[22]. When the resin is over-saturated with dissolved gas, the system will try to reach a new 

equilibrium state by evacuating the excess dissolved gas content through the formation of bubbles. 

The standard degassing procedure for vacuum assisted resin infusion processes consists of simply 

exposing the liquid resin to a pressure that is lower than atmospheric [31], [32]. However, this 

methodology is criticised by some researchers. According to Labordus et al. [22], the standard 

degassing methodology tends to "de-bubble" the liquid resin rather than degassing it. 

Previous work on degassing of resins for use in vacuum infusion has been limited in scope. 

Labordus et al.[22] investigated the efficiency of standard degassing, degassing with Scotch Brite 

nucleation agent and degassing via air sparging, with non-degassed resin used as reference. To 

determine the effectiveness of different out-gassing procedures, Unifilo material was infused at a 

constant vacuum pressure and the void content of cured laminates was measured to indicate the 

effectiveness of each method. Non-degassed resin resulted in a high number of voids in 

manufactured laminates with random and bi-linear void distribution. Standard degassing also 

resulted in a high number of voids, but no longer in random distribution. No visible voids were 

created in the laminates infused after degassing the resin with the nucleation material or by air 

sparging. The efficiency of the air sparging and degassing with Scotch Brite acting as a nucleation 
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agent were also studied by Afendi et al.[33], at a relatively high degassing pressure of 90 mBar. 

The efficiency of the degassing methods was assessed via measurements taken with a dissolved 

oxygen meter. In this study sparging was observed to result in the most efficient degassing, with a 

steady state of 50-60% oxygen removal achieved after 15 minutes. Degassing with a nucleation 

agent achieved a similar steady state value, but degassing rate was found to be influenced by resin 

viscosity. A thorough understanding of the influences of dissolved gasses on the vacuum assisted 

resin infusion process and the effectiveness of degassing techniques is required in order to develop 

robust high performance manufacturing processes. However, the effectiveness of resin dissolved 

gas removal via vacuum is not well established, despite vacuum degassing being commonly 

employed part of the pre-infusion process. Subsequently a detailed investigation of the process is 

required, given that resin dissolved gas content has been established as influential on void 

formation.   

2.1.4 Infusion Filling Processes 

The infusion of resin in the laminate is a key stage in the resin infusion process, as errors in the 

filling process can result in significant defects. As removal of resin from the laminate is not possible 

once infusion is initiated, significant issues with filling commonly results in the scrapping of the 

part. Subsequently, precise control of the variables and parameters involved in this process is 

required to ensure a high quality and robust manufacturing process. This includes filling speed, 

stack saturation distance, and pressure difference between inlet and outlet.  

2.1.4.1 Flow front Speed 

Flow front speed during infusion has been shown to affect the void formation process. Studies by 

Ruiz et al. [34] have shown void formation is dependent on the relative difference between the inter 

tow and intra tow wetout velocities. When the flow front speed exceeds the velocity of capillary 

pressure driven flow then micro voids are formed within the tows as air is entrapped. Contrastingly, 

when the capillary pressure driven flow speed exceeds that of the flow front, macro voids are 

formed between the tows. Further studies by Patel et al. [15] reinforce this, finding that high resin 

flow rates lead to incomplete wetting of fibre tows, although this does prevent voids that span 

multiple filaments from forming. At low flow rates void formation occurs at the resin flow front. 

Two different types of microflow are responsible for void formation. The first is fingering, caused 

by surface tension, capillary forces and differences in local permeabilities. The other is cross 

flow/transverse flow that results in converging flow fronts at the micro-scale [15]. Ruiz et al. 

demonstrated that an ideal resin velocity/capillary number exists where the velocity of intra-tow 

and inter-tow flow are matched and the chance of forming voids is minimised. However, achieving 

precise local control of resin velocity in the infusion process requires substantial effort and 

investment [25], [35]–[37]. Research by Tackitt et al. focused on the effects of macro flow front 

speed on laminate thickness changes [5]. It was found that a reduced resin flow-front velocity 

delayed the transition from lubrication related stack compaction to fluid pressure related stack 
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expansion, so that maximum compaction of the laminate could be realised. High resin flow front 

velocities resulted in a transition that occurred too rapidly, and full compaction was not achieved. 

Additionally, it was noted that for infused preforms with sufficiently slow resin flow rates that the 

transition from lubrication-compaction to expansion never occurred, resulting in higher laminate 

fibre-volume fractions [5]. 

2.1.4.2 Stack Saturation Distance 

As discussed in Section 2.1.1.3 distribution medias increase the resin flow speed across the top of 

the laminate. This induces a lag between resin wetout at the top and bottom of the laminate, 

sometimes referred to as the saturation distance [13]. Increases to the flow rate of the distribution 

media increases the difference in distance in wetout length between the top and bottom of the stack. 

Waldrop et al. [14] found that flow media create a highly permeable space for rapid resin migration 

laterally within the infusion vacuum chamber. As discussed in Section 2.1.1.3, excessive resin flow 

front velocity can lead to the entrapment of air, surface porosity defects, or voids. Air that is trapped 

a significant distance behind the wave front becomes difficult to remove as the infusion progresses. 

Industrial research by companies such as Boeing has focused on identifying process windows for 

this wetout length that ensure high quality infusion [14]. Boeing’s research demonstrated that in 

order to establish a controlled flow front, the difference in distance in wetout length between the 

top and bottom of the stack should not exceed ~8cm. Best practice to achieve this was found to be 

via controlling the relative permeability of the flow media to that of the preform. This results in 

orderly, albeit relatively slow, infusion processes. The use of an ideal flow media allows resin to 

flow laterally at a sufficiently slow rate that resin can uniformly permeate down through the fibre 

stack thickness to wet out and completely fill the preform with a wedge shaped flow profile [14].  

2.1.4.3 Laminate Pressure Difference 

Reduction of the pressure difference between the resin inlet and the vacuum outlet in the infusion 

process has been shown to decrease laminate thickness increase due to wet-out and produce 

laminates with more uniform thickness. This phenomena was first uncovered by Boeing in the 

early 2000s, being an being the second key facet of their CAPRI resin infusion process [23]. By 

placing the inlet under a partial vacuum pressure that was higher than that at the outlet, the total 

pressure difference across the laminate was reduced. By reducing the pressure at the inlet to below 

atmospheric, the maximum fluid pressure of the resin as the infusion progressed was reduced. The 

reduction in fluid pressure results in reduced thickness increases as wetout progresses, as a higher 

level of compaction pressure on the fibre bed is maintained. This in turn prevents thickness 

gradients from developing along the infusion direction of the saturated laminate. The reduction in 

pressure difference also has the effect of reducing the driving force on the resin, resulting in lower 

resin flow velocities [23]. Studies by Niggemann et al [24] found that the implementation of a 

reduction in inlet pressure in the CAPRI process decreased thickness gradients in the cured part 

to less than 1%, while increasing fibre volume fraction by 5%. 
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2.1.5 Infusion Post-Filling Processes 

In the vacuum assisted resin infusion manufacturing method a number of key process parameters 

and variables exist following the infusion of the resin into the laminate. This stage of the 

manufacturing process is referred to as post-filling, and variables can include clamp-off, post-fill 

vacuum level, and resin gel time.  

2.1.5.1 Inlet Clamp-Off 

Once infusion of the laminate is complete and the stack is fully saturated with resin, flow of 

additional resin into the laminate is ceased. This is usually achieved through closing the resin inlet 

line to the vacuum chamber, although in some infusion processes the inlet line is repurposed as an 

additional vacuum outlet. The stage at which the resin inlet line is closed has been shown to be 

influential on the post-fill laminate equilibration process. As discussed in Section 2.1.1, throughout 

the infusion process thickness gradients can develop with excess resin increasing laminate 

thickness at the inlet end of the part [10]. Upon clamping the resin inlet the laminate thickness 

begins to equilibrate, with excess resin being drawn out of the part through the outlet break. 

Studies by Govignon on the influence of the inlet clamp off timing found that clamping the inlet 

prior to full laminate saturation can result in noticeable reduction in resin usage of between 8 and 

13% [8]. The premature clamping allows for excess resin present at the inlet end of the part to be 

used to fully saturate the outlet end, preventing the waste that occurs when full saturation is 

achieved prior to clamp-off. Premature clamping was also observed to result in marginally lower 

laminate pressure equilibrium times, due to the reduction in volume of excess resin [25]. Other 

infusion processes specify delaying the clamp-off stage, allowing additional resin to flow through 

the laminate and out the vacuum outlet [14]. Boeing’s patented DBVI infusion process specifies 

that:  

“The vacuum lines should be throttled or choked to a near closed position until the 

mass flow rate of resin through the preform equals the mass flow rate in the vacuum 

tube. In the choked condition, the resin feed to the preform and the tubes exceed the 

pull off capability downstream of the choke point. Consequently the preform will 

completely fill. As the preform fills, the mass flow rates in the preform will eventually 

decrease to match the mass flow rate beyond the choke point. Once this quasi-steady 

state is reached where the feed and pull off rates are equal and the preform is full, the 

bubbling action associated with the fill and drain phenomena ceases. The vacuum tube 

between the preform and the tube choke point eventually fill with bubble free resin. 

The system normally reaches a quasi-steady state after approximately 15 minutes of 

choke flow processing” [38].  

It is stated that if the feed and vacuum tube lines are clamped and cut when the preform has low 

hydrostatic resin pressure or is partially filled, the resulting part will have surface porosity and in 

more severe cases, internal porosity. These defects will typically be located on the vacuum end of 
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the part. Consequently, it is essential to cut, clamp, and seal the lines when the laminate is full, 

necessitating choked resin flow through the layup [38]. Studies by Kuentzer et al on the correlation 

of void distribution to vacuum assisted resin infusion manufacturing techniques reinforce this. It 

was found that allowing additional resin to bleed through the laminate after the preform had 

saturated resulted in a significant reduction in micro voids in the cured part [11]. 

2.1.5.2 Post-Fill Vacuum Pressure 

Following the clamping of the resin inlet and the cessation of flow into the fibre stack, the post-

filling outlet vacuum pressure must be set. Detailed studies on the effects of post-fill vacuum 

pressure and region of pressure application were undertaken by Govignon et al [39]. It was found 

that repurposing the resin inlet as an additional vacuum outlet at the onset of post-filling 

substantially reduced the time necessary for laminate equilibration, allowing for the selection of 

rapid curing resin systems, and therefore increased productivity. Increasing pressure at the 

vacuum outlet during post-filling decreased the thickness gradient in the cured part, but also 

results in a reduction in the compaction pressure on the laminate and subsequently a decrease in 

fibre-volume fraction. Govignon noted that control of the final fibre-volume fraction of the laminate 

through adjustments to the outlet vacuum could be achieved, but this required accurate knowledge 

of the compaction behaviour of the reinforcement [39]. Post-fill pressure also has an impact on void 

creation and growth during the curing stage. Some resins undergo boil-off at low vacuum pressures 

due to their volatile content, while water molecules in the resin or textile are another source of out-

gassing [40], [41]. Increasing outlet vacuum pressure during post-filling increases the minimum 

resin pressure achieved in the laminate, significantly reducing void generation due to moisture 

and volatile boil off. Additionally, if voids are entrapped in the laminate during impregnation, 

increasing laminate pressure results in a decrease in void size, resulting in increased part quality 

[40], [42]. Govignon also demonstrated that an increase in post-fill pressure that limits the 

potential for resin boil off should not substantially affect the laminate fibre-volume fraction, with 

no significant increase in laminate thickness observed for pressures up to 400 mBar [39]. It should 

be noted that care is required when increasing outlet pressure at the post-fill stage not to reverse 

resin flow and introduce air into the laminate. 

2.1.5.3 Resin Gel Time 

Resin gel time is highly correlated to temperature, with increased temperatures resulting in 

significant reductions in time to gel for resin systems commonly used in vacuum infusion 

manufacturing processes [43]. As discussed in Section 2.1.2.1, gel time influences the time 

available for draining of excess resin from the laminate and reduction in laminate fluid pressure. 

Longer gel times allow for a greater period of laminate pressure and thickness equilibration, 

resulting in cured parts with more uniform geometries and mechanical properties [10]. 

Additionally, Patel [17] found that longer gelation periods lead to stronger interfacial bonding 

between resin and fibre. However, gel time directly effects production rates, so compromises must 

be made between production cycle times and part uniformity and bond strength.  
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2.1.6 Process Modifications 

In addition to the wide array of variables and parameters involved in the infusion manufacturing 

process, a substantial number of variations and modification to the basic vacuum assisted resin 

infusion process exist. Through years of development, a number of modifications to the original 

resin infusion process have been proposed, leading to the establishment of a significant number of 

process variants. These include but are not limited to: using flow distribution channels or media 

to assist resin flow [12], using semi-permeable membranes to assist degassing and reduce resin 

waste [44], cyclically compacting the preform prior to infusion to reduce its thickness and infusing 

with the resin being held under a partial vacuum to reduce fibre spring-back [23], creating two 

vacuum chambers by ‘double bagging’ the preform to increase vacuum integrity and reduce fibre 

spring-back [14], and using two vacuum chambers with dynamically changing pressure levels in 

conjunction with a pressure distribution to create a ‘pulsed infusion’ [45]. The merits of some of 

these modifications are widely accepted and reported in the literature. Multiple studies have 

demonstrated that the use of cyclic compactions and controlled inlet pressure in ‘CAPRI’ type 

infusions increase fibre volumes fraction and decrease thickness variation [23], [24], [46]. Others 

are contested, such as ‘double bagging’, with several academic and industrial studies supporting 

and contesting their benefits [9], [14], [47], [48]. Previous work in this area has mainly focused on 

comparing newly proposed methods with only a small range of existing methodologies [9], [24], 

[45]–[48]. These studies use only a single process, VARTM or SCRIMP, as a baseline process against 

which to compare, making it difficult to make a direct comparison between all methods in similar 

manufacturing scenarios. Subsequently, the effectiveness of the modifications to the process 

relative to one another is not well established. This presents a gap in the established knowledge of 

significant importance, given that these process modifications are commonly employed in industry 

and can add significant complexity and cost to the manufacturing process potentially without any 

quantifiable benefit.   

2.2 Resin Transfer Moulding 

Being developed at a similar time period to vacuum assisted resin infusion, RTM has been used 

for the production of net shape fibre reinforced plastics for close to 70 years [2]. The process that is 

now widely recognised as resin transfer moulding was first described in a series of patents filed 

between 1952 and 1956 by Harold John Pollard and John Rees, employees of the Bristol Aircraft 

Company [49]–[52]. Although these patents described a well-developed manufacturing 

methodology, with means to actively monitor and control the resin flow front within the mould, 

this early progress was discarded for several decades. It was not until the 1980’s that significant 

research efforts were undertaken on this process again, which included substantial overlaps with 

the initial work by Pollard and Rees [53]. Similar to vacuum assisted resin infusion, resin transfer 

moulding began as a simple manufacturing method that utilised vacuum pressure to draw resin 
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through a fibrous reinforcement within a rigid mould [49]. Years of subsequent development have 

seen the process undergo refinement and grow in complexity, with the introduction of complex 

injection systems and the development of accurate models to simulate filling processes [42], [54]–

[57]. While resin transfer moulding was initially used to manufacture low cost and relatively low 

quality parts with low production rates, the process is now used in the production of high 

performance aerospace, automotive and marine structures with cycle times measured in minutes 

[58]. As for resin infusion, improvements to the resin transfer moulding process have been gradual, 

with quality, consistency and cost all being refined as a detailed understanding of the physics and 

chemistry involved in the process was developed. These improvements have been achieved through 

detailed investigations of the range of parameters and variables involved in the manufacturing 

process. Numerous physical and chemical phenomena occur on a multitude of scales, and studies 

have not only had to determine the direct influence of parameters and variables directly related to 

the resin injection process, but also the complex interactions and influences that processes up-

stream have on constituents. Currently, a number of key parameters involved in resin transfer 

moulding have been identified and a thorough understanding of their direct and indirect influences 

established. These can be categorised as parameters relating to the selected resin and 

reinforcement, mould design, environment, preforming and resin injection process. Although the 

selection of resin and fibre reinforcement both carry a large number of parameters and variables 

that must be considered during process design, the focus of this review is the parameters of the 

infusion manufacturing process itself. Key parameters in each of the aforementioned categories 

will be discussed, with their influences quantified. From this, gaps in the knowledge base will be 

highlighted, and parameters that require investigation identified.  

2.2.1 Process Design 

The setup of the mould used in the resin transfer moulding process has a large influence on the 

filling stages of the resin injection process. Successful resin injection requires the accurate 

placement of inlets and outlets when the process is used to manufacture parts with complex 

geometry, in order to ensure complete wet out of the reinforcement is achieved. Local resin flow 

rates within the mould which are too fast or two slow can result in the entrapment of air pockets 

within the mould. This can result in dry regions in the cured part, causing it to be scrapped. 

Gate and vent placement with the mould are the primary design concern in the development of 

RTM tooling. At a minimum for the simplest geometries at least one injection gate and one outlet 

vent is required for the injection of resin and venting of air out of the mould. Moulds with poorly 

placed gates and vents will result in dry sections in the laminate as converging flow fronts trap air 

which cannot be removed [4], [59]. These dry spots, being devoid of resin, result in significant 

reductions of the parts mechanical properties and commonly result in scrapping [54]. Studies by 

Pearce et al found that laminate void contents were higher and interlaminar shear strength lower 

in regions of flow front convergence [59]. Injection strategies that utilised parts on adjacent part 
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edges were observed to result in the higher void contents, due to the large area of flow front 

convergence. Sequential injection of resin from injection points which had already been passed by 

the global flow front were observed to result in a significant improvement in part quality, owing to 

the reduction in areas of converging flow [59]. Complicating the issues of mould design is the 

presence of part features including inserts, ribs, cores, and heterogeneity. Resin flows within the 

mould can branch or merge as flow progresses around these features or regions of low or high 

permeability. If flow fronts bisect and then merge in the absence of a vent then voids or dry fibre 

regions will result [54]. Being able to predict the formation of dry spots is essential in RTM mould 

design and necessitates the use of process simulation. Parts with complex three-dimensional 

geometry require modelling and simulation of the mould filling process in order to identify the 

optimal inlet and outlet locations due to the complexity of coupled anisotropic flow [60]. Tools such 

as LIMS (Liquid Injection Moulding Simulation) have been developed to address these issues [61]. 

Accurate simulation of the process allows for optimisation of preform design and rearrangement of 

inlet and outlet locations to ensure ideal flow front convergence in areas with sufficient venting. 

Although simulation tools allow for accurate placement of inlets and outlets during the mould 

design, control of the filling process is still required to account for variability between simulation 

and reality [62]. Mould filling control methods can be classified into ‘passive control’ and ‘active 

control’. 

Passive control involves simply applying the results of mould filling simulation to place outlet vents 

in all locations where dry spots are identified to form [63], [64]. The passive control methodology 

requires the selection of a combination of inlet gates and outlet vents the will result in the complete 

saturation of the preform regardless of natural variations in flow resistance. This is achieved 

through probabilistic mapping to calculate the probability of dry spot formation for a given range 

of variations in laminate permeability and racetracking [62]. Although passive control methods do 

not require further input after the mould design stage, their implementation can involve the 

simulation of all possible preform permeability distributions with corresponding probabilities 

which have to be determined through complex material characterisation and analysis [65]. Further 

complications are added by practical constraints that prevent the placement of vents in all possible 

locations within the mould due to physical geometries or part surface finish requirements. 

Increasing the number of vents to prevent all possible dry spot formation possibilities also greatly 

increases mould production costs and time required for part clean-up to remove surface 

imperfections caused by inlets and outlet vents [62]. Subsequently passive control systems require 

balance between dry spot formation probability and the costs associated with their reduction [64]. 

Active control methodology can be implemented in multiple ways. The methodology involves the 

use of auxiliary injection points in multiple different locations in combination to actively 

manipulate the flow front in order to obtain an objective filling pattern [64]. Common 

implementations of this involve consecutive opening and closing of individually targeted inlets, 

referred to as sequential control, and the adjustment of individual flow rates or pressures at each 
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injection point, referred to as adaptive control [59]. In order to optimise sequential control systems 

previous researchers have utilised artificial intelligence in collaboration with numerical simulation 

[66], [67]. These systems looked to optimise the location of injection gates and outlet vents, location 

of sensors, and the sensor driven control logic utilised to actuate individual valves controlling the 

inlets and outlets. Additionally these systems used a database of prior simulations to apply the 

most suitable corrections to the filling process by matching the observed filling mode with the 

closest match from the simulation repository. Due to the large number of simulations required to 

simulate all mould filling possibilities, active control requires significant user experience to make 

estimations for the ranges on input parameters and identify potential sites of increased and 

decreased flow rates so the computational cost and time can be reduced to acceptable levels [62]. 

In efforts to reduce the experience level required for accurate simulation, researchers such as 

Lawrence et al [65] have developed techniques including sensor dependence mapping algorithms. 

These utilise an array of point sensors that detect the presence of resin in conjunction with 

auxiliary injection gates to force the fluid flow to follow a targeted pattern.  

2.2.2 Processing and Environmental Conditions 

The environmental conditions in which the resin transfer moulding process is completed have a 

large influence on the resin injection stage of the manufacturing process, in addition to substantial 

effects on final part quality. The effects of environmental conditions are broadly the same as those 

described in Section 2.1.2 for vacuum assisted resin infusion. Variations in processing conditions 

such as mould temperature and the humidity levels resins and textiles are exposed to during 

storage can influence chemical and physical processes in the manufacturing method. 

2.2.2.1 Mould Temperature 

As for vacuum assisted resin infusion, the most substantial influence of mould temperature is its 

effect on the resin system, influencing both resin viscosity and gel rate. In the RTM process the 

mould, along with the fibre preform, is commonly heated to a defined target temperature prior to 

resin injection [68]. Once mould temperature has reached the desired level, the resin is injected 

through the preform via controlled injection gates. Due to the general use of RTM in processes 

requiring high production rates, both moulds and resin systems are commonly pre-heated to reduce 

cycle times [68]. As resin is injected into the mould it absorbs heat from both the preform and 

cavity walls. This increase in resin temperature results in a significant reduction in viscosity, 

allowing for faster wetout of the laminate for a constant injection pressure, and subsequently 

shorter production times [69]. However, the increase in resin temperature also acts as a catalyst 

to speed up the exothermic polymerisation reaction occurring within the fluid. Excessively 

increasing mould temperature in an attempt to further reduce cycle times may result in excessive 

exotherm at the centre of the part [70]. In addition, excessively high mould temperatures can lead 

to premature gelation of the resin prior to the competition of laminate wet-out and reduction in 

resin mechanical properties due to thermal degradation. Studies by Gupta et al demonstrated that 
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increasing mould and resin temperature always results in the reduction of fill times, with 

temperature limits being determined by resin degradation and premature gelation [68]. This 

research also showed the importance of having a temperature differential between resin and mould, 

as this allows for the minimisation of clamping forces required during resin injection. Additional 

studies by Patel et al. [17] have shown that high mould temperatures result in better bonding and 

wetting of the resin through reinforcement fibres, in turn leading to increased mechanical 

properties of the final part. However, increasing mould temperature does have the effect of 

reducing resin gel time. Patel et al. [17] also found that longer gelation periods lead to stronger 

interfacial bonding between resin and fibre. Subsequently, for each resin system an optimum 

processing temperature exists that results in the best interface, trading off between the benefits 

provided by slow gelation and improved wetting. 

Selection and control of process temperature is therefore key to developing a successful resin 

transfer moulding process. Obtaining an optimal combination of resin and mould temperatures 

can be achieved through the use of numerical models that are capable of tracking the multitude of 

effects and processes involved. An accurate model can replicate the complex interactions between 

several models that include rheology and chemical kinetics, along with integrating transport 

equations [68]. Previous implementations have shown that conventional Finite Element and Finite 

Difference methodologies may not capture all aspects of the fluid flows due to domination of 

convection effects [71]. Subsequently more complex modelling methods have been developed for 

non-isothermal resin transfer moulding simulations [72], [73]. The most commonly implemented 

is the streamline upwind Petrov-Galerkin method, which employs an artificially stabilised 

numerical approach with finite discontinuous elements.   

2.2.2.2 Humidity 

As for vacuum assisted resin infusion, humidity levels also have a range of effects on the fibres, 

resins and consumables involved in the resin transfer moulding process. The most substantial 

effects relate to the effects of vacuum pressure on water vapour, with water boiling below mould 

temperature at vacuum levels commonly employed in resin transfer moulding processes that 

utilise chamber evacuation [74]. This results in small volumes of condensed or absorbed water 

producing large volumes of gas which can be detrimental to part quality [19]. Although the effects 

of this vaporisation can be significant, it is only present in resin transfer moulding processes that 

utilise vacuum pressure, and thus can easily be avoided.  

Fibre reinforcements, consumables, and resins are all inevitably exposed to atmospheric moisture 

as a part of the resin transfer moulding process. During storage and manufacturing the materials 

equilibrate with the environmental conditions to which they are exposed. Consumables, textiles 

and resin systems absorb or desorb moisture present in order to reach an equilibrium saturation 

level that is dependent on the temperature and humidity level of the surrounding atmosphere [21]. 

Moisture absorbed by these materials during both elongated storage periods and prior to resin 

injection during preforming has the potential to detrimentally influence the final quality of the 
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laminate and reduce mechanical properties. The effect of moisture absorption in natural fibres has 

been studied at length, with the relatively high moisture absorption levels leading to significant 

effects on porosity, stiffness and strength [19], [20]. Studies by Lu et al show that the absorbed 

water acts predominantly as a crazing agent, creating fine fractures in the material [75]. 

Additionally, the accumulation of water on the fibre surface has been shown to result in a 

significant reduction in the resin-fibre interfacial bond strength [76]. Efforts have been made to 

minimise the effects of moisture on the resin transfer moulding process. Studies by Sreekumar et 

al have shown that surface modification to the fibres in the reinforcement can result in significant 

reductions in moisture absorption, with benzylated fibres showing the largest reduction in 

moisture uptake [77]. Although vacuum drying of the preform prior to resin injection is commonly 

associated with the removal of moisture and other contaminants from the fibre surface, studies by 

Hayward et al have shown that this is largely ineffectual on part quality [74]. 

2.2.3 Preforming 

Fibre preforms are a critical semi-product in the RTM process chain, the properties of which are 

very influential on the resin infusion stage. Due to the large numbers of parts that need to be 

produced for even moderate scale production, relatively low cost fibre reinforcements, and highly 

automated preforming processes are required to meet cost targets. 

Manufacture of the fibre preform, the fibrous skeleton responsible for the stiffness and strength of 

the finished component, is a key step prior to infusion with a polymeric resin. However, this aspect 

of the resin transfer moulding manufacturing process has seen significantly less attention than its 

resin injection counterpart. In previous studies, researchers have investigated the influence 

preform textile properties such as fibre reinforcement structure, thickness, and fibre volume 

fraction have on mould filling in the RTM process [78]–[80]. A summary of these previous findings 

is that layer thickness, tow structure, and curvature geometry can all significantly affect local 

permeability and required resin driving pressure, and consideration must be made for their effects 

and interactions when designing a manufacturing process. Additional studies on the 

forming/draping of 2D textiles involved in preforming have focused on how the textiles conform to 

the mould, the resulting fibre orientations, and predictions of wrinkling [81]–[85]. Studies have 

also shown that the effect of reinforcement architecture on resin flow through fibrous 

reinforcements can be utilised as a part of process optimisation, significant changes in mould filling 

rates being possible through varying preform structure [86].  

However, it is not only the preforms’ textile and geometrical properties that impact the important 

resin injection process. The preforming technique utilised to hold the three dimensional fibre 

structure in the desired geometry can also significantly alter key properties of the textile, the 

effects of which need to be thoroughly understood to inform manufacturing process design. There 

are a wide range of preforming methodologies, including stitching, tufting, weaving, braiding, 

knitting, the use of binders and tackifiers, all of which have wide ranging and significantly 
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different impacts on preform properties. 

Mechanical interlocking processes, such as stitching and tufting, require penetration of the textile 

layers by threads. This penetration disturbs the uniform placement and orientation of the fibres 

in the textiles, resulting in resin rich areas and fibre kinks in the final composite part, both of 

which can impact laminate mechanical properties [87], [88].  

Weaving, braiding and knitting all involve the formation of three-dimension preforms without the 

requirement of additional interlocking materials. Three dimensional fabric structures 

manufactured via these methods have higher permeabilities than preforms created from stacked 

two-dimensional layers, with wet-out being aided by yarns in the z-axis that act as capillary 

channels [89]. The higher permeabilities and resulting easier wet-out reduces RTM cycle time, 

saving on unit costs [90]. However the benefits of being able to manufacture net-shape preforms 

via these methods comes with inherent disadvantages. Researchers have reported reductions in 

in-plane properties of between 10 and 50%, depending on manufacturing method, when compared 

to traditional two-dimensional non-crimp fabric preforms. This reduction is attributed to an 

increase in fibre crimping, misorientation, and damage during the forming process [91]–[93].  

The use of binders to hold preforms in the desired geometry is a popular approach in the automotive  

and aerospace sector that affords a simplified preforming process [94]. Creating a binder coated 

2D reinforcement is a relatively simple process and a wide range of textiles can be selected as a 

feed stock. The binderising process involves depositing small volumes of granulated binder on the 

surface of the textile and then sintering these in place. The binders are usually thermoplastic or 

epoxy based, and selected to be compatible with the desired resin systems so that the presence of 

the binder does not negatively impact laminate mechanical properties [95]. Although the use of 

binders does afford low cost and high volume preform production without introducing crimping or 

misorientation to the fibre tows, it can impact preform properties that effect subsequent 

manufacturing steps. Studies investigating the effect of binder systems on preform flow resistance 

have found that the application of binder to a textile can significantly reduce in-plane preform 

permeability [96], [97]. Forming parameters can additionally modify the impact that the binder 

has on preform properties. The influence of compaction and preforming parameters on the 

compaction behaviour of binder coated preforms have been investigated by Wu et al [98]. The 

influence of compaction temperature, binder activation temperature, binder content and binder 

activation time were studied with respect to their effect on fibre-volume fraction and residual 

preform thickness. Compaction temperature was found to be most influential on both 

characteristics, with binder content having a less significant impact. Additional research by Shih 

summarised that increasing heating temperature results in binder migrating from the exterior to 

the interior of the fibre tows, causing the fibre tows to contract, increasing the area of flow paths 

between tows which results in an increase of preform permeability [99]. Contrarily, when binder is 

not drawn into the fibre tows due to lower heating temperatures, the permeability of the preform 

is significantly reduced.  
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Overall, it has been demonstrated that preforming parameters can significantly influence binder, 

and subsequently have a pivotal role in alerting resin flow characteristics during resin injection in 

the resin transfer moulding process [98]–[100]. However, thorough research has yet to be conducted 

on how alterations to binder location, caused by key preforming parameters, influence mould filling 

behaviours and final laminate properties. This presents a gap in the established knowledge of 

significant importance, given that forming parameters have been established as influential on key 

variables that effect part quality including resin flow and inter-tow and intra-tow permeability. A 

thorough understanding of influence of identified key preforming parameters on all downstream 

processes and final part properties is required in order to develop robust high performance 

manufacturing processes.  

2.2.4 Resin Injection 

The injection of resin into the preform is a key stage in the resin transfer moulding manufacturing 

method, as errors in the filling process can result in significant defects. As removal of resin from 

the preform is not possible once injection is initiated, significant issues with filling commonly result 

in the scrapping of the part. Subsequently, precise control of the variables and parameters involved 

in this process is required to ensure a high quality and robust manufacturing process. This includes 

injection pressure, filling methodology, and post saturation conditions. 

2.2.4.1 Injection Pressure 

In order for resin to permeate through the preform in the resin transfer moulding process a net 

driving pressure is required. This can be in the form of positive pressure applied to the resin, 

vacuum pressure applied to the outlets, or a combination of the two. Resin pressure primarily 

influences the rate of wetout and resin velocity in the mould, but can also have secondary effects 

such as inducing fibre washing and waviness [101]. Pressure required is commonly determined by 

part size and required production rate, with higher pressures required to fill larger parts in time 

frames that are economical. The requirement for larger part sizes in combination with minimal 

cycle times in the automotive sector has led to the development of high pressure resin transfer 

moulding, with injection pressures of up to 150Bar being used [102].  

The most direct impact of injection pressure on the filling process is its effect on the rate of wetout 

of the preform and the velocity of resin fluid flows. As for the vacuum assisted resin infusion process, 

driving pressure and resultant flow front speed during resin transfer moulding has been shown to 

be a key factor in the void formation process. Void formation is dependent on the relative difference 

between the inter tow and intra tow wetout velocities [34]. The same void formation behaviours as 

discussed in Section 2.1.4.1 are observed, with fast flows resulting in intra-tow void formation and 

flows slower that the capillary flow speed resulting in inter-tow void formation. As for resin 

infusion, an idea flow speed exists for RTM processes where intra-tow and inter-tow flow velocities 

are perfectly matched [103]. However, achieving precise local control of resin velocity in the 

infusion process requires substantial effort and investment [25], [35]–[37]. Detailed studies on the 
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effects of injection pressure and subsequent flow front speed were undertaken by Olivero et al and 

Barraza et al [104], [105]. It was found that an increase in flow rate from 0.2cm3/s in low injection 

pressure processes to 5cm3/s in high injection pressure processes resulted in a tenfold increase in 

void content. Additionally both studies found that overall void content in cured laminates were a 

function of the modified capillary numbers and flow front velocities, in agreement with data 

presented by Ruiz [103]–[105]. Barraza et al also observed that high pressure injection and the 

associated elevated resin velocity promotes the onset of secondary flow phenomena inside the 

mould cavity. This included micro fountain flow in the proximity of the mould surface, which was 

suggested as being a potential cause for the elevated porosity levels recorded close to the laminate 

surface [105]. 

An additional variable that influences flow front speed is the injection mode, which can either be 

constant pressure or constant velocity. When injection is carried out at a constant volume flow rate, 

the resin flow front wetting behaviour is constant irrespective of the distance from the inlet for a 

one-dimensional flow in a mould with a constant cross section. Subsequently under these 

conditions the void content along the infusion direction should not vary much with respect to the 

distance from the inlet [15], [105]. Contrarily, when the wet-out is undertaken at a constant 

injection pressure flow rates decrease with time. Subsequently the relative difference in intra-tow 

and inter-tow flow velocities changes as the flow progresses, leading to changes in void formation 

mode and location [15]. Studies by Patel et al have shown that for constant pressure injection a 

spatially nonuniform void distribution is observed, with void content increasing in the proximity 

of the outlet vents [106]. 

Although high injection pressures are required to achieve low cycle times, excessively high 

pressure can result in the disruption of fibre orientation, referred to as ‘fibre wash’ [101]. Excessive 

pressure can result in high flow rates that disturb the orientation of fibres within the textile layers. 

This disruption can have significant detrimental effects on local mechanical strength within the 

part, potentially leading to premature failure [107], [108]. Additionally the displacement of fibres 

negatively impacts the aesthetics of laminates where the final fibre structure is visible.  

In addition to influencing wetting behaviour during the filling stage, injection pressure has also 

been shown to influence the surface finish of the final part. Studies by Mathews et al found that 

increasing injection pressure resulted in better surface gloss and a reduction in roughness [109]. 

These findings were reinforced by Bayldon et al. and Palardy et al. in studies focued on the 

optimisation of RTM parameters for achieving a class A surface finish [110], [111].  

Although the majority of resin transfer moulding processes utilise positive pressure in order to 

drive the resin into the mould, it is also common practice in industry to evacuate the mould cavity 

containing the reinforcement through the use of vacuum applied to the outlet. This can be 

undertaken both prior to and during the resin injection stage. Processes that utilise this technique 

are referred to as vacuum assisted resin transfer moulding [74]. The use of vacuum evacuation in 

resin transfer moulding has been associated with reductions in void content and improvements in 
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mechanical properties when compared to laminates produced under identical conditions without 

vacuum assistance [112]. The overall improvement in laminate quality resulting from the use of 

vacuum assistance has been attributed in the past to an array of factors including the removal of 

moisture or impurities from the fibre surface resulting in better resin adhesion, the increase in 

total driving pressure on the resin, and changes in wetting behaviour [113], [114]. However detailed 

studies by Hayward et al. disproved some of these explanations [74]. Although Hayward et al. did 

report that vacuum assistance can bring about substantial improvements in composite quality at 

moderate vacuum pressures, this was found not to be as a result of increased driving pressure or 

the removal of moisture. Vacuum assistance was primarily observed to influence the initial contact 

behaviour between resin and fibre undergoing saturation. The use of vacuum was associated with 

an increase in contact angles between fibre and resin for systems with a range of viscosities [74].  

2.2.4.2 Filling Methodology 

As discussed in Section 2.2.1 mould filling can be achieved via either ‘passive control’ or ‘active 

control’ methodologies. Passive provides a more simplistic manufacturing setup, at the expense of 

providing a less robust manufacturing method that is less tolerant of variability in the process. 

Implementing passive control involves applying the results of mould filling simulation to identify 

locations where outlet vents will be required [63], [64]. The passive control methodology requires 

the selection of a combination of inlet gates and outlet vents the will result in the complete 

saturation of the preform regardless of natural variations in preform and resin parameters. 

Although their implementation requires the simulation of all possible preform permeability 

distributions with corresponding probabilities which have to be determined through complex 

material characterisation and analysis, passive control methods have the benefit of not requiring 

further input after the mould design stage [65]. Even with significant design experience it is 

difficult to achieve consistent quality with resin transfer moulding using passive control, 

particularly in shapes with complex geometries and features [115]. Compromises between 

variability and cost in the selection of materials and preforming processes commonly results in 

spatial variations in properties such as permeability. This results in variations in flow behaviour 

that are difficult to predict, making developing a passive control system that is sufficiently robust 

infeasible [116]. Subsequently, the need for active control of the mould filling process has been 

embraced in industry [117]. 

While multiple methods exist for achieving active control of the mould filling process, the general  

methodology involves the use of auxiliary injection points in multiple different locations in 

combination to actively manipulate the flow front in order to replicate a desired filling pattern [64]. 

Common implementations of this involve consecutive opening and closing of individually targeted 

inlets, referred to as sequential control, and the adjustment of individual flow rates or pressures 

at each injection point, referred to as adaptive control [59]. Switching control was an early 

implementation of sequential control, and operated via point sensors and an associated control 

logic that control the opening and closing of individual injection ports or vents [117]. The control 
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logic is determined via numerical simulation of probable flow behaviours, with control actions 

being taken by vents and inlets at predetermined locations. Although this method can be 

implemented successfully, it is generally regarded as not being robust [115]. Adaptive control of 

injection pressure is a method which has attracted some interest. In this system neural networks 

which have been trained via numerical simulations determine the optimal gate pressure to drive 

the flow front to the desired shape [118]. Although a more sophisticated system than switching 

control, it has lower levels of control authority [115]. Hybrid approaches have emerged that 

integrate both sequential and adaptive control methodologies. Research of hybrid controllers by 

Barooha et al. found that the advantages of both methods could be achieved simultaneously, with 

the control authority of a sequential system and the flow front shape control of an adaptive method 

[115].  

2.2.4.3 Post-Filling Conditions 

As for vacuum assisted resin infusion, the post-filling conditions applied during resin transfer 

moulding can have significant impact on the quality of the final laminate. Bleeding is a commonly 

utilised practice wherein resin injection is continued after the preform has been fully saturated, 

with excess resin flowing out the outlet vents. This process has been investigated by a range of 

researchers, suggesting it as a method for bubble mobilisation and void reduction in the cured 

laminate [15], [106], [119]. Lundstrom et al. observed that a significant reduction in void content 

could be achieved through continued resin bleeding after completion of mould filling, with the 

additional flow resulting in the migration of entrapped air out of the part [119].  

Resin pressure during cure has also been shown to influence void content of the cure laminate. 

Studies by Barraza et al have shown that maintaining mould fluid pressure throughout the 

duration of resin cure is essential in reducing void size [105]. Increasing post-fill pressure from 

atmospheric pressure to only 300kPa was observed to result in a 70% reduction in total void area 

across the part. In addition to the reduction in void content, post-fill pressure was also observed to 

influence other void morphology characteristics, including void shape, size, and distribution [105]. 

As resin pressure increased void size was observed to decrease, with voids migrating towards outlet 

vents. In addition to this, increasing pressure was observed to result in void distribution gradients 

appearing in the through-thickness direction, with increases in porosity observed close to the 

component surface. 

Multiple steps of resin bleeding and mould pressurisation have been recommended in some cases 

as a method to consistently achieve low void contents in cured parts [120]. This process involves 

continuing resin injection after preform saturation has been achieved, with the vents closed. 

Injection continues until the desired pressure is achieved, after which the outlet vents are opened 

and excess resin bleeds out of the part, carrying entrapped air with it. This cycle is repeated until 

the desired void content is achieved. Although this method results in the removal of macro voids 

and significantly reduces the void content of the cured part, the mould pressurisation and bleeding 

processes can significantly impact the total cycle time and resin usage [105].  
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2.3 Conclusion 

The subject of key parameters that affect variability in liquid composite moulding manufacturing 

processes is broad and wide-ranging, and a significant volume of research has been undertaken on 

this subject matter. The influence of the currently identified key processing variables is for the 

most part well understood. Despite this, manufacturing processes which implement the knowledge 

gained from these studies still experience defects and unaccounted variability. This indicates that 

additional variables exist in these processes which are not being accounted for.  

This chapter has presented a brief review of the currently identified key process parameters for 

both RTM and VARI manufacturing methods, with the influence of the parameters on the process 

and part summarised. From this summary parameters which have yet to undergo thorough 

investigation have been identified.  

For vacuum assisted resin infusion the effects of moisture on resin and textiles, the influence of 

dissolved gasses in the resin, and the effectiveness of process modifications are all areas that 

require more detailed investigation. These topics are addressed in Chapters 3, 4, and 5. Chapter 6 

presents an implementation of the knowledge gained in these studies and demonstrates the 

improvements in laminate quality that can be achieved through identification of the process 

windows for these variables.   

For RTM the effects of preforming process variables on preform properties, and the effects on 

subsequent manufacturing stages and final part quality has been identified as an area that 

required more detailed investigation. This topic is addressed in Chapter 7. Additionally, the ability 

of non-destructive testing methods to identify changes in key preform parameters is presented in 

Chapter 8.  
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3  
Comparison of Infusion 

Methods 

3.1 Abstract 

This study executed an objective comparison between Resin Infusion methods currently used, 

providing a level comparison in identical circumstances. Six different resin infusion methods 

including VARTM, SCRIMP, CAPRI, DBVI, VAP, and PI were investigated to discern if the 

modifications made relevant to the standard VARTM process have a distinguishable effect, and 

how significant the effect was. Process parameters were found to vary significantly between 

methodologies, with large differences in infusion time, laminate pressure and relaxation, and resin 

usage. Fibre volume fractions were found to vary significantly both between methodologies and 

along the infusion length of some panels. Differences of up to 13% and 10% were found in short 

beam strength and compression strength between the infusion methods. There was found to be no 

significant difference in void content between methodologies once the best process parameters had 

been established, with the exception of PI which resulted in a significant increase. 
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3.2 Introduction 

Vacuum assisted resin transfer moulding (VARTM) is an inexpensive infusion process that has 

been used in various forms since the 1950s to manufacture fibre reinforced thermoset components  

[12], [14], [23], [44], [45]. Due to its relatively low tooling cost and ability to produce components of 

high quality it has been adopted by manufacturers in a number of industries, particularly for the 

manufacture of large structures including boat hulls and wind turbine blades. Through years of 

development, a number of modifications to the original resin infusion process have been proposed, 

leading to the establishment of a significant number of process variants. These include but are not 

limited to: using flow distribution channels or media to assist resin flow [12], cyclically compacting 

the preform prior to infusion to reduce its thickness and infusing with the resin being held under 

a partial vacuum to reduce fibre spring-back [23], using semi-permeable membranes to assist 

degassing and reduce resin waste [44], creating two vacuum chambers by ‘double bagging’ the 

preform to increase vacuum integrity and reduce fibre spring-back [14], and using two vacuum 

chambers with dynamically changing pressure levels in conjunction with a pressure distribution 

to create a ‘pulsed infusion’ [45].  

The merits of some of these modifications are widely accepted and reported in literature. Multiple 

studies have demonstrated that the use of cyclic compactions and controlled inlet pressure in 

‘CAPRI’ type infusions increase fibre volumes fraction and decrease thickness variation [23], [24], 

[46]. Others are contested, such as ‘double bagging’, with several academic and industrial studies 

supporting and contesting their benefits [9], [14], [47], [48].  

Previous work in this area has mainly focused on comparing newly proposed methods with only a 

small range of existing methodologies [9], [24], [45]–[48]. These studies use only a single process, 

VARTM or SCRIMP, as a baseline process against which to compare, making it difficult to make a 

direct comparison between all methods in similar manufacturing scenarios.  

The aim of this study was to execute an objective comparison between the varieties of Resin 

Infusion methods currently at use in industry, providing a level comparison of all methods in 

identical circumstances. To execute this a set of glass fibre reinforced epoxy panels were 

manufactured using a selection of resin infusion methods, with key process parameters being 

monitored. A total of six different infusion methodologies were tested, representing the majority of 

common modifications that have been made to the resin infusion process. For each method a wide 

range of measurements were made during processing including; laminate pressure (the absolute 

pressure of the fluid within the infusion chamber), laminate thickness, infusion duration, and resin 

mass flow. A selection of physical and mechanical properties of the produced parts were then 

measured to assess quality including; fibre-volume fraction, void content, interlaminar shear 

strength, and compressive strength. In addition, compaction characterisation of the textile 

reinforcement was performed for correlation to observations made for each infusion methodology, 
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and to assess the potential to predict final laminate thickness from such data. The details of each 

method tested are described here, with the layup of materials and consumables for each of the 

studied methodologies presented schematically in Figure 3.1.  

3.2.1 VARTM: Vacuum Assisted Resin Transfer Moulding: 

VARTM is resin infusion in its most simplified form, with no resin distribution media to aid wet-

out. First pioneered in the 1950s, the VARTM process serves as a baseline for comparison to the 

other methodologies [2]. The infusion structure from bottom to top consists of a mould surface, the 

fibre reinforcement stack, a release fabric that extends beyond the boundaries of the reinforcement 

stack, and vacuum bag that is sealed to the mould via a tackified tape to form a sealed chamber. 

Resin inlets and vacuum outlets are plumbed into the sealed chamber, and can be positioned to 

best suit the application.  

3.2.2 SCRIMP: Seeman’s Composite Resin Infusion Process: 

SCRIMP is the most widely used form of resin infusion, first patented by Seemann Composites Inc. 

in 1990. This process has a similar infusion structure to VARTM, but introduces a consumable 

distribution media or flow channels to aid the flow of resin across the surface of the part and 

subsequently reduce wet-out time. Flow channels are typically included within foam cores used in 

sandwich structures, while the distribution media can be positioned below, above or within a 

reinforcement stack. This allows substantially longer infusion distances to be achieved within a 

similar time, using the same resins and fibre reinforcement stacks when compared with VARTM 

[12].  

3.2.3 CAPRI: Controlled Atmospheric Pressure Resin Infusion 

CAPRI, a patented Boeing process [23], introduces two variations to the SCRIMP method to 

increase dry fibre stack compaction and reduce laminate thickness increase during infusion. Prior 

to infusion, the fibre layup is cyclically compacted between 10 and 20 times by alternating the bag 

pressure between high levels of vacuum, less than 30mBar absolute pressure, and atmospheric 

pressure. This cyclic compaction increases the amount of fibre nesting in the stack, while altering 

the compaction characteristics of the stack through fibre and tow interlocking to result in a lower 

stiffness. This subsequently decreases the stack thickness and increases the fibre volume fraction 

that can be achieved at a set vacuum level. During the infusion process, the mixed resin is placed 

in a vacuum chamber at a pressure of approximately 500mbar. This reduces the maximum possible 

laminate pressure achievable during the infusion process, and subsequently significantly reduces 

laminate thickness increase as resin wetout progresses [23]. Reductions in thickness gradients to 

less than 1% and increases in fibre volume fraction of 5% over SCRIMP have been reported in 

studies of this method [24]. 
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3.2.4 DBVI: Double Bag Vacuum Infusion 

Another Boeing patented process [14], DBVI, utilises two vacuum bag chambers to increase 

vacuum integrity and reduce laminate relaxation. The inner chamber contains a setup similar to 

that of SCRIMP, with some minor modifications to the geometry of the layup. Over this a second 

vacuum chamber is constructed, with a single vacuum outlet. This outer chamber reduces the 

likelihood of leaks affecting part quality, and adds rigidity to the chamber structure to minimise 

laminate relaxation during infusion. In addition to changes in the bagging setup there are also 

alterations to the filling process. This includes throttling the resin outlet/overflow once part wet 

out is complete and allowing the laminate to reach a steady state of resin flow at the inlet and 

outlet. DBVI is also the only process of the six studied in which a post-fill vacuum is not applied to 

the vent. At the conclusion of filling the inlets and outlets are simultaneously sealed [14]. The 

benefits of double bag infusion are contested, with some studies claiming increased fibre-volume 

when compared to single vacuum chamber processes while others observed no difference [14], [47], 

[48]. 

3.2.5 VAP: Vacuum Assisted Process 

VAP is an infusion method developed by EADS/Airbus that utilises a semi-permeable membrane 

to allow degassing of the infused laminate in the through-thickness direction and reduce the chance 

of resin lockout occurring, resulting in large scale dry spots. The infusion layup is the same as 

SCRIMP up to the distribution layer. On top of this a semi permeable membrane is placed which 

is used to divide the infusion setup into two chambers. The semi permeable membrane is sealed 

over the laminate and resin inlet, with the vacuum outlet being external to this. This membrane 

allows air and entrapped gasses to be extracted from the stack in the through thickness direction, 

while entrapping the resin. This has the effect of reducing porosity and increasing process 

robustness as air entrapped within the laminate as a result of poor resin wet out can be extracted 

in the out of plane direction  [44]. Studies comparing VAP to SCRIMP have observed reductions 

in void content in the VAP process, but also decreases in fibre volume fraction of 1-3% [9], [121]  

3.2.6 PI: Pulsed Infusion 

Pulsed infusion is a recently developed method of infusion that utilises a reusable silicon pressure 

distributor as a resin distribution medium, in conjunction with pressure pulsation to increase 

laminate mechanical properties and reduce consumable costs. The method utilises two bags, with 

the inner bag having a layup similar to VARTM. On top of this is placed a specially designed silicon 

pressure mat, with a second vacuum bag covering this entire setup. By reducing the pressure in 

the outer vacuum chamber to less than that of the inner chamber during infusion, resin flow 

channels can be formed as the inner bag is pulled into the gaps in the pressure distributor. The 

pressure in the outer chamber can then be increased to greater than that of the inner chamber to 

collapse these flow channels and drive the resin into the stack. This cycling of pressures is repeated 
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throughout the infusion process. Increases in laminate flexural modulus and flexural strength of 

9% and 24% respectively compared to VARTM have been claimed [45].  

 

    

 

 

 

1: Sealant tape 2: Resin Inlet 3:Vacuum Bag 4: Release Fabric 

5: Fibre Stack 6: Mould 7: Vacuum Outlet 8: Distribution media 

9: Breather 10: Membrane 11: Inner Vacuum Bag 12: Pressure Distributor 

Figure 3.1: Schematic description of the process variants; a) VARTM, b) SCRIMP and CAPRI, c) VAP, d) 

DBVI, and e) PI 

3.3 Material Details  

Colan MU 4500 D 480 g/m2 glass fibre unidirectional non-crimp fabric (NCF) was used in this study. 

Although marketed as a unidirectional fabric, 10% fibres run in the 90° direction to add rigidity 

for handling of the fabric. The stack layup used in this study consisted of eight layers of the 

fiberglass NCF with the following fibre orientations: +90°/+90°/0°/0°/0°/0°/+90°/+90°. This layup 

was selected to accentuate any differences in nesting and compaction between the infusion 

methodologies. The layers were oriented such that the side with 10% of fibre running in the warp 

direction faced towards the centre of the stack, being flipped about the fourth layer. The laminates 

produced were 550 x 200 mm.  

e) 

d) 

c) 

b) 

a) 
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Gurit Prime 20 low viscosity epoxy resin was used as the matrix material. Prior to each infusion 

400 g of resin and 104 g of hardener were degassed independently at 5 mbar absolute pressure for 

one hour to remove moisture and lower the dissolved gas content. These were then combined and 

mixed via a compressed air powered stirrer for three minutes at low speed to avoid air entrapment. 

The resin mixture was then degassed for an additional 20 minutes at 5 mbar absolute to remove 

any entrained air bubbles before being infused. Prime 20 is a room temperature curing resin (23°C 

± 2°C), so no additional heat was applied to the laminate during filling or post-filling.  

For the infusion processes in which a consumable resin distribution media was required, VI160W 

knitted flow mesh supplied by New Zealand Fibreglass Supplies was utilised. This material 

exhibits in-plane anisotropy, due to the architecture of the material. In all cases the flow mesh was 

oriented with the high flow resistance direction normal to the resin flow front’s direction of travel.  

3.4 Experimental Apparatus 

For this comparative study all infusions were one dimensional, with linear inlets and outlets at 

each end of the laminate. Infusions were setup according to process specifications in their 

respective patents where available [2], [12], [14], [23], [44], [45]. All laminates were degassed for 

three hours at 5 mbar pot pressure prior to infusion to remove any entrapped air or moisture. 

Infusions were all undertaken at ~21°C and ~60% relative humidity. Where exact setup dimensions 

were not available standard parameters were utilised, as detailed schematically in Figure 3.2. All 

infusions were complete on a glass plate acting as the mould, providing visibility to both sides of 

the laminate.  

 

 

 

Figure 3.2: Standard layup setup schematic 
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During each infusion a variety of process parameters were monitored to allow any differences 

between the infusion methodologies to be quantified. The monitored process parameters included; 

infusion time, laminate and pot pressure, laminate thickness, resin mass in the reservoir at the 

inlet, and laminate void formation. All data was captured with a National Instruments cDAQ-9172 

at 1 Hz, and recorded and processed via Labview. For each infusion method process specifications 

were followed where details were given in the available references. For some processes, such as 

DBVI, parameters were given for all aspects of the setup and infusion. For other processes such as 

VAP and Pulse Infusion complete documentation for all aspects of the setup and infusion process 

were not available. For processes such as SCRIMP and CAPRI, general guidelines are given for 

various factors. Consequently trials were required to determine processes parameters for infusion 

methods where required parameters were not specified. Multiple preliminary trial panels were 

manufactured via each infusion method to allow for minor adjustments of process parameters. 

Once process parameters were finalized, a total of three panels were manufactured via each 

method to ensure each process was able to be performed consistently. For these panels laminate 

thickness measurements were taken to assess consistency of thickness and fibre volume fraction, 

and void content was qualitatively determined via visual inspection of the translucent panels. A 

final panel was then produced via each methodology, whose process data and mechanical properties 

are presented here for comparison. All panels were manufactured by a single person in order to 

minimise variability due to human influences.  

3.4.1 Laminate Pressure and Thickness Measurement 

 

Figure 3.3: Schematic of pressure transducer and laminate thickness measurements 

Laminate and pot pressures were monitored throughout the infusion and curing processes for each 

infusion method. Laminate pressures were measured at three locations (see Figure 3.3), to 

determine how pressures varied throughout the process in comparison with the set pot pressure. 

SensorTechnics BTE6001A4-FL pressure transducers were used, with the diaphragm and other 

resin exposed surfaces covered in a thin layer of petroleum jelly to prevent resin bonding.  

Laminate thickness variations were monitored throughout the infusion and curing processes for 
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each infusion method. The distance to the upper laminate surface was measured at three locations, 

as can be seen in Figure 3, to record how the laminate thickness varied along the part length 

throughout the filling and post-filling processes. Keyence IL-030 laser distance sensors were used, 

mounted to a gantry frame that sat over the glass infusion plate. In order to prevent laser reflection 

issues during wet-out, 15 x 15 mm wax paper squares were placed on top of the release fabric layer 

in order to ensure a sufficiently reflective surface. Prior to infusion all lasers were zeroed so that 

relative movement of the laminate surface could be easily determined. Distribution media and 

breather layers were trimmed to give a clear line of sight to the laser.  

3.4.2 Resin Mass Measurement 

Resin mass consumed during the process was determined via a digital scale that recorded the 

weight of the resin reservoir at the vacuum inlet. In the CAPRI process in which the reservoir is 

placed under partial vacuum inside a resin trap, this entire assembly was placed on top of the scale.  

3.4.3 Laminate Wetout and Void Formation 

In order to monitor fibre wet-out and void formation, a portable USB microscope was positioned 

under the glass infusion plate facing upwards, providing a clear view of the lowest layer of the 

stack. The field of view was adjusted such that three tows were in the field of view, with the region 

of interest approximately 40 mm from the inlet end of the stack. In order to provide a clear view of 

the fibre structure prior to wet-out, a focused spotlight was used to backlight the top of the infusion 

layup. During the infusion process images were captured every two seconds, with this being 

reduced to every thirty seconds during the post-fill stage.  

3.5 Differences in Measured Infusion Process Parameters 

3.5.1 Laminate Pressure and Thickness Variations 

Figure 3.4 and Figure 3.5 present the laminate pressure and thickness variations throughout the 

complete infusion and curing processes for all methodologies. Figure 3.6 details the filling and 

initial post-filling laminate pressure and laminate thickness for each methodology individually, 

presenting the first 5000 s of data. The key process parameters for all methods can be found in 

Table 3.1.  
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b) 

 

Figure 3.4:Laminate pressures for; a) SCRIMP, CAPRI, PI, b) VARTM, DBVI. VAP. 

a) 

 

 

b) 

 

Figure 3.5: Laminate thickness variations for; a) VARTM, SCRIMP, PI, b) DBVI, CAPRI, VAP. 
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Figure 3.6:Filling and initial post-filling laminate pressure and laminate thickness for; a) VARTM, b) 

SCRIMP, c) DBVI, d) CAPRI, e) PI, f) VAP 
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Table 3.1: Key process parameters of infusion methodologies 

 
VARTM SCRIMP DBVI CAPRI PI VAP 

Infusion Time (s) 3426 634 2075 1010 1201 551 

Resin Mass (g) 302 367 490 279 384 352 

Max Laminate Pressure (Bar) 0.949 0.881 0.985 0.410 1.024 0.859 

Max Relaxation (mm) 0.594  0.420 0.907 0.062 1.921 0.466 

Final Pressure Inlet (Bar) 0.569 0.562 0.793 0.124 0.947 0.140 

Final Pressure Mid (Bar) 0.472 0.553 0.792 0.116 0.868 0.139 

Final Pressure Outlet (Bar) 0.347 0.552 0.789 0.110 0.699 0.134 

Post-cure Thickness Inlet (mm) 3.18 3.10 3.34 2.83 3.76 2.96 

Post-cure Thickness Outlet (mm) 3.02 3.06 3.13 2.80 2.98 2.97 

 

The following observations for each process have been made: 

VARTM: Being the simplest and most primitive form of resin infusion, VARTM showcases many of 

the issues that subsequent infusion processes were designed to alleviate. Filling times are long, 

exceeding 3400 seconds for a one dimensional 550 mm infusion distance. The high resistance to 

resin flow through the laminate results in a significant gradient in laminate pressures across the 

length of the sample. Subsequently there are significant increases in laminate thickness due to 

reduced net compaction pressure acting on the fibre bed, with a 20% increase in laminate thickness 

at the inlet end when filling is complete.  Once the vent is closed, these spatial variations in 

laminate pressure and thickness dissipate slowly during the post-filling stage but are still present 

at the point of cure, resulting in a laminate thickness variance of 5% between the average thickness 

measured at the inlet and outlet of the cured part, being 3.18 mm and 3.02 mm respectively.  

SCRIMP: The addition of a resin distribution media in this infusion process, when compared to 

VARTM, significantly reduces the time required for the infusion process, taking approximately 

1/5th of the time of a VARTM infusion over the same flow distance. The resin distribution media 

also has a secondary effect as it allows for rapid balancing of any differences in laminate pressure 

and thickness along the infusion direction in the post-filling phase. While spatial pressure and 

thickness gradients still develop along the laminates infusion direction during the resin filling 

process, these gradients begin to dissipate rapidly once the resin inlet is closed at the completion 

of filling. The resin distribution media provides a low flow resistance pathway within the laminate 

in the post-filling stage, resulting in pressure and thickness gradients dissipating after 300 and 

3600 seconds respectively. The result of this was a laminate thickness variance of 0.3% between 

the inlet and outlet of the cured part, being 3.10 mm and 3.06 mm respectively. The SCRIMP 

process was observed to use approximately 20% more resin than VARTM, due to the additional 

open volume in the vacuum chamber created by the distribution media. It should be noted that 

this difference will become less significant as the laminate thickness increases, and is also 
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dependent on the architecture of the distribution media used. 

CAPRI: The addition of cyclic compactions of the dry laminate to the resin infusion process prior 

to filling was observed to reduce laminate thickness by over 8% compared to SCRIMP. The 

relationship between stack thickness and number of compaction cycles is detailed in Figure 3.10. 

The cyclic compactions have also been observed to alter the relationship between compaction 

pressure and laminate thickness, as shown in Figure 3.11a [6]. Here it has been observed that the 

cyclic compaction results in less increase in laminate thickness when net compaction pressure is 

decreased. A reduction in compaction pressure from 900 mBar to 400 mBar resulted in a laminate 

thickness increase of 0.05 mm and 0.15 mm for cyclic and non-cyclically compacted laminates 

respectively. The combination of cyclic compaction of the laminate stack and controlled inlet 

pressure during a CAPRI type infusion reduces the peak laminate pressure, laminate thickness 

increase, and total resin usage by 53%, 84%, and 24% respectively when compared to a SCRIMP 

type infusion. The reduced relaxation of the fibre stack in combination with the limitation of the 

maximum fluid pressure that can be reached inside the laminate due to the vacuum applied to the 

resin inlet, results in significant reduction in laminate thickness increase as resin filling progresses. 

This in turn reduces the volume increase of the vacuum chamber, resulting in a lower volume of 

resin being required to achieve complete filling. Reducing the inlet pressure does have the effect of 

reducing the effective driving pressure on the resin, which increases infusion time by 60%. Due to 

the reduction in peak laminate pressure and relaxation during infusion, laminate pressure 

decreases much more rapidly during the curing process than in a SCRIMP infusion with the same 

layup and post-filling conditions applied. The potential negative impact on void formation of 

rapidly dropping resin pressure, if not accounted for in process parameter design, are detailed in 

Section 3.5.2.  

DBVI: The addition of a secondary vacuum chamber in DBVI type infusions has not been observed 

to constrain laminate thickness increase during resin filling. This is difficult to definitively state 

as the specified use of throttled flow filling at the end of DBVI infusion results in higher laminate 

pressures which leads to additional laminate thickness increases. However, prior to the throttled 

post filling phase, the relationship between laminate fluid pressure and thickness increase for 

SCRIMP and DVBI infusion is similar. An increase in laminate fluid pressure from 5 mBar to 800 

mBar results in thickness increases of 0.41 mm and 0.42 mm for SCRIMP and DBVI respectively. 

Choking of the inlet during the initial stages of infusion reduces laminate pressure and relaxation, 

while slowing infusion and reducing the distance between the flow front and completely wet-out 

regions. Choked flow filling at end of the process increases resin flow resistance at the outlet of the 

part. This creates an imbalance in resin flows between the inlet and the outlet, which results in 

the laminate fluid pressure increasing until an equilibrium in flow rates is reached [14]. This 

increase in laminate pressure during choked flow filling results in greater laminate relaxation and 

significantly greater resin usage. Peak laminate pressure and thickness increase at the inlet, 

centre, and outlet of the DBVI process were measured to be 985 mBar, 936 mBar, 881 mBar, 0.91 
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mm, 0.48 mm, and 0.28 mm respectively. This represents an increase in pressure of 11%, 15% and 

10%, and thickness of 126%, 67% and 27% when compared to a SCRIMP infusion for the same 

geometry and laminate. This increase in laminate thickness resulted in DBVI using approximately 

33% more resin than SCRIMP. Due to the inlet and outlet of the inner vacuum chamber being 

closed in DBVI after the choked filling phase there is no significant reduction in laminate pressure 

during post-filling, which is observed during other processes where the outlet remains exposed to 

vacuum pressure and excess resin is free to drain from the laminate as pressure decreases and net 

compaction force increases.  

VAP: The use of a semi permeable membrane appears to decrease the infusion wet-out time when 

compared with SCRIMP, and significantly increase the laminate pressure drop rate during the 

post-filling stage. Filling during VAP infusions was completed in an average of 551s, 13% faster 

than SCRIMP infusion with the same laminate geometry and resin distribution media. Peak 

laminate pressure and thickness increase at the inlet, centre, and outlet of the VAP process were 

measured to be 832 mBar, 757 mBar, 711 mBar, 0.41 mm, 0.29 mm, and 0.20 mm respectively. This 

represents a difference in pressure of -6%, -7% and -12%, and thickness increase of -4%, +3% and 

+5% when compared to the SCRIMP method. These results indicate that the addition of the semi-

permeable membrane does not have a significant effect on laminate thickness increase during the 

filling stage, and notably the VAP process resulted in a laminate with very good thickness 

homogeneity before resin gelation. At the point of resin cure, laminate pressure at the inlet, centre, 

and outlet were measured to be 140 mBar, 139 mBar, and 134 mBar, being ~75% lower than those 

recorded during SCRIMP infusions. This demonstrates that the use of a semi-permeable 

membrane can significantly increase the rate of laminate pressure reduction when exposed to a 

constant vacuum pressure at the infusion outlet. This can have potential negative impacts on void 

formation and growth if not properly accounted for during the design of the manufacturing process, 

the details of which are discussed in Section 3.5.2. Additionally, the semi-permeable membrane 

was observed to actively counteract resin lockout during initial trial infusions, where poor vacuum 

outlet placement had negatively impacted the resin flow front shape. 

PI: The use of dynamically created resin distribution channels and pressure pulsation was 

observed to result in slower and less efficient infusions than processes which used traditional resin 

distribution media. The use of a pulsed infusion process, when compared to SCRIMP, significantly 

increases the time required for the resin filling process, taking approximately 190% of the time of 

a SCRIMP infusion over the same flow distance for the laminate geometry studied here. The 

pulsing action of the inner bag to create resin flow channels was observed to result in higher 

laminate pressures during the infusion process than other infusion methods which did not use a 

resin distribution media. Peak laminate pressure measured during the PI process was 1024 mBar, 

being equal to atmospheric pressure, and 8% higher than recorded in VARTM processes. During 

the filling process there was observed to be significant resin bleeding around the outside of stack. 

The pulsing of the inner vacuum chamber, caused by varying pressures in the outer vacuum 
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chamber, resulted in resin pooling around the outer edges of the laminate between the inner 

vacuum bag and the mould, decreasing in volume from inlet to outlet. This resulted in PI using 

27% more resin than VARTM infusions. The excess resin around the laminates extremities also 

influenced the post-filling phase of the PI process. At the completion of filling the fluid pressure in 

the outer vacuum chamber is returned to atmospheric pressure in order to collapse the flow 

channels created in the inner vacuum chamber. As the net pressure acting on the inner chamber 

increases it compresses the volume of additional resin around the outer edges of the laminate into 

the reinforcement stack, resulting in significant increases in laminate thickness. The maximum 

increase in laminate thickness during infusion relative to the compacted pre-infusion state at the 

inlet, centre and outlet were measured to be 1.92 mm, 0.34 mm and 0.09 mm. This represents an 

increase in thickness of 223%, 79% and 28% respectively when compared to a VARTM infusion of 

the same geometry. Due to a lack of distribution media in the inner chamber, laminate pressures 

and thicknesses are slow to balance during the post-filling stage. These spatial variations in 

thickness dissipate slowly during the post filling stage but are still present at the point of cure, 

resulting in a thickness variance of 26% between the inlet and outlet of the cured part, being 3.76 

mm and 2.98 mm respectively.  

3.5.2 Laminate Wet-out 

A number of filling phenomena were observed by inspection of microscope images captured during 

the resin infusion and post-fill stages of each infusion process. As each laminate became 

transparent once wetout was achieved, and the infusion was performed on a glass tool, bubble 

formation could easily be viewed throughout the entire thickness of a laminate from both upper 

and lower surfaces. Figure 3.7 presents a series of images from a SCRIMP infusion, showing the 

laminate wetout process. During resin infusion, tows oriented 90° to the flow front’s direction of 

travel often wet out in multiple areas simultaneously. As capillary action and increasing laminate 

pressure causes the multiple flow fronts to converge within tows, small pockets of gas become 

entrapped. This process can be observed in Figure 3.7b. As laminate pressure increases these gas 

bubbles are compressed, reduce in size, and may be dissolved in the resin as seen in Figure 3.7c. 

The significant discrepancy between inter-tow and intra-tow permeability is the cause of this 

phenomenon, with the resin flow front advancing more rapidly through inter-tow flow channels 

than saturation of the tows can occur. The low intra-tow permeability not only slows the wetting 

of the tow, it also makes it more difficult for entrapped gas bubbles to be drawn out of the tow and 

to the resin flow front by the applied pressure gradient [122], [123].  
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a)   b)  c)  

Figure 3.7:Images of a SCRIMP laminate during a) pre-filling, b) filling, and c) post-filling, with the arrow 

indicating infusion direction. 

a)  b)  c)  

Figure 3.8: A CAPRI panel post-filling at a) 0.3, b) 0.15, and c) 0.1 Bar laminate pressure. 

Gas entrapment, both within and external to fibre tows, was most prevalent in processes where 

the effective pressure gradient at the flow font was significantly reduced or when the local filling 

velocity was very high. In these situations it was observed that entrapped bubbles that resulted 

from this dual speed resin flow are unable to be drawn out of the laminate to the resin flow front. 

Void formation due to insufficient pressure gradients at the flow front was commonly observed 

during CAPRI processes where the inlet pressure was set too low, and DBVI processes where the 

resin inlet was excessively choked. Both of these situations have the effect of reducing the total 

pressure gradient across the laminate, thereby reducing the force acting upon entrapped gas 

bubbles in wetted regions of the laminate. Lundstrom [124] analytically calculated that the 

pressure gradient required to move a void of radius Rv through a constriction of radius Rcon could 

be expressed by Equation 3-1, where Δp is the pressure gradient, θ is the contact angle between 

resin and fibre, and γ is the pressure contribution from the solid-vapor and solid-liquid interfaces 

[124]. This model predicts that for situations where the ratio of the capillary and the constriction 

remain constant that the smaller the capillary radius is, the higher the pressure difference 

required to move the bubble [125]. The small capillary size of bubbles trapped within the tows 

combined with the reduced pressure gradient in these CAPRI and DBVI manufacturing situations 

results in an increase in void content by entrapment. 
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Bubble formation due to excessive flow front speed was observed during SCRIMP and VAP 

processes where unrestricted resin flow at the inlet was combined with a highly permeable 

distribution media, resulting in rapid flow front advancement. High wetout rates have repeatedly 

been shown to cause macro-voids within fibre tows due to the significant discrepancy between 

intra-tow and inter-tow resin flow speeds resulting in large volumes of intra-tow gas entrapment 

[34], [103], [126].   

In CAPRI processes where the peak laminate pressure and subsequently peak laminate thickness 

is reduced, or VAP processes where degassing can occur through the laminate thickness, post-fill 

laminate pressures can drop far more rapidly than in conventional SCRIMP type infusions. This 

results in these processes achieving significantly lower laminate pressures by the time resin cure 

occurs. It has been observed during the reported experiments on these processes that if the 

laminate pressure falls below a critical value, that entrapped gasses within the laminate, 

especially within tows, can expand significantly. Formation of such voids is dependent on the fluid 

pressure of the entrapped gas. The result of this gas expansion is a substantial increase in void 

content. This process can be seen in Figure 3.8, and Figure 3.17b shows a typical void distribution 

resulting from such low laminate pressures.  

3.6 Reinforcement Compaction Characterisation 

This section assesses the potential for compaction characterization measurements to be used to 

predict final laminate thickness for each infusion methodology. Fibre reinforcement compaction 

response has been shown to strongly influence laminate thickness and fibre volume fraction, as 

well as resin flow through the laminate, during composite processing under vacuum bags [7], [127]. 

By adjusting the post-filling pressure applied to either the inlets or vents of the infusion layup, the 

laminate pressure achieved by the point of resin cure, and thereby laminate thickness, can be 

controlled. Being able to accurately select process parameters to achieve target fibre volume 

fractions based on compaction characterization of the laminate is key to being able to produce large, 

one-off structures via resin infusion with minimal risk of significant deviations of laminate 

characteristics from designed. 

 In order to correlate the compaction behavior of the reinforcement stack to observed thickness 

and fibre volume fraction variations, the compaction response of the glass fibre NCF used in this 

study was measured. The experimental setup utilised to perform the compaction measurements 

consisted of two parallel rigid platens mounted to an Instron 1186 universal testing machine 

(UTM). The upper platen featured a 10 mm diameter central orifice which facilitated the injection 

of Mobil DTE Heavy oil through the sample in a radial manner from a reservoir held at constant 

pressure. The oil acted as a resin substitute for the wet compaction phase of the measurements. A 

mirror and CCD camera mounted below the lower glass platen were used to monitor wetout of the 

stack during oil injection and ensure that full saturation was achieved. The viscosity of Mobil DTE 



3.6 Reinforcement Compaction Characterisation  57 

 
   

 

Heavy oil is 0.27 Pa.s at room temperature. Two Mitsumi LVDTs were used to monitor laminate 

thickness and platen parallelism throughout the compaction process by measuring distance 

between the two platens. Parallellism was ensured through the use of a spherical alignment unit 

between the upper platen and the crosshead of the UTM. 

Two sets of samples were tested, each consisting of five 150 x 150 mm stacks constructed with the 

same eight layer layup as used in the infusion processes. The first set was measured via a 

compaction cycle designed to closely resemble the resin infusion process of the non-pressure cycling 

methodologies: VARTM, SCRIMP, DBVI and VAP. Samples were compacted twice using a force 

control method. These two compaction cycles replicate the laminate manufacture process where 

the vacuum applied to the layup was released once to perform leak checks and adjust the position 

of consumables before being reapplied prior to filling. For the compactions a pressure of one 

atmosphere is applied, and between compactions the sample was allowed to completely relax by 

retracting the crosshead until there was no longer contact between the injection platen and the 

stack.  The sample was then held with one atmosphere of compaction pressure while oil was 

injected radially through the sample via the central orifice in the upper platen until full saturation 

of the stack was achieved, representing the filling stage of the infusion process. Following this the 

compaction pressure was reduced to 100 mBar, to simulate the increase in laminate fluid pressure 

that occurs as resin filling progresses. The applied pressure was then slowly ramped to one 

atmosphere in order to determine the saturated wet compaction response as a function of laminate 

thickness and applied pressure. This complete cycle is depicted in Figure 3.9a.  

The second set of samples was compacted following a cycle designed to closely resemble the resin 

infusion process of the pressure cycling methodologies, specifically CAPRI. These samples were 

compacted via a force controlled method, with one atmosphere of pressure, 15 times. The sample 

was allowed to relax for 30 seconds between compactions. These parameters were selected based 

on the process conditions applied during the CAPRI manufacturing methodology in this study. 

Following the cyclic compaction the sample was then held with one atmosphere of compaction 

pressure while oil was injected until saturation. Once this was achieved the compaction pressure 

was reduced to 400 mBar, simulating the upper limit of the increase in laminate fluid pressure 

that occurs as resin filling progresses during the CAPRI process. The applied pressure was then 

ramped to 900 mBar in order to determine the saturated wet compaction response as a function of 

laminate thickness and applied pressure. This cycle is depicted in Figure 3.9b. 

The relationship between laminate thickness and number of dry compaction cycles during the 

CAPRI infusion experiments, obtained from laser gauge measurements, can be compared with the 

characterised cyclic compaction samples. This comparison is presented in Figure 3.10, each data 

point is the average across all the experiments. The results from the compaction experiments 

overestimate the fibre volume fraction that can be achieved during the actual CAPRI 

manufacturing process by 1%. This is most likely due to the applied pressure during the compaction 

experiments not accounting for the fact that in the real process there is additional stiffness in the 
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laminate due to consumables and the geometry of the vacuum bagging structure. In addition to 

this there are differences in the compaction rates between the sets of measurements, with cyclic 

compaction samples and CAPRI infusions having linear and highly non-linear rates of pressure 

application respectively. It can be observed that laminate thickness results follow a near perfect 

logarithmic relationship with the number of compaction cycles, as indicated by R2 values of 0.995 

and 0.998 for the fitted curves. 

 

Figure 3.9: a) non-cycling compaction testing process, b) cycling compaction testing process 

 

Figure 3.10: Comparison of cyclic compaction response measured during compaction and CAPRI 

experiments 
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a)  b)  

Figure 3.11: A) Averaged applied laminate pressure vs laminate thickness, b) Averaged absolute laminate 

pressure vs fibre volume fraction wet load curves 

The relationships between laminate thickness and applied pressure established from the 

compaction characterisation can be used to estimate the final thickness and fibre volume fraction 

of the stack based on the laminate pressure at resin cure, which is a directly controlled process 

parameter within the infusion processes. 

For both the non-cycling and cycling compaction experiments, the final wet laminate thickness and 

applied pressure were determined for each sample. The pressure-laminate thickness curves for the 

five cyclic and non-cyclic samples are averaged to form a single correlation between pressure and 

thickness for each respectively, and are shown in Figure 3.11a. This relationship is transformed to 

a relationship between absolute laminate pressure at cure and final part fibre volume fraction. The 

transformation from laminate thickness to fibre volume fraction is given in Equation 3-2, where 

Vf, A, n, p and Lt represent fibre volume fraction, textile areal weight, number of layers in the 

layup, fibre density, and laminate thickness respectively. The transformation of applied pressure 

to equivalent absolute laminate pressure during infusion is detailed in Equation 3-3, where Plaminate 

abs, Patmosphere, and Papplied represent the absolute fluid pressure within the laminate, atmospheric 

pressure, and the compaction pressure applied to the stack respectively. These curves are 

presented in Figure 3.11b.  

 

 
𝑉𝑓 =

𝐴 × 𝑛

𝜌 × 𝐿𝑡
 3-2 

 𝑃𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒 𝑎𝑏𝑠 = 𝑃𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 − 𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 3-3 

 

The cyclic and non-cyclic compaction curves presented in Figure 3.11b were then compared with 

experimental data measured during laminate manufacture, to determine the accuracy of 

predictions made from the experimental compaction data. Final laminate thickness and laminate 

pressures at resin cure for both the inlets and outlets of the VARTM, SCRIMP, DVBI, and VAP 

methodologies were plotted against the non-cyclic compaction curve, as shown in Figure 3.12 a. 
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The point of resin cure was determined using recorded laminate temperature data combined with 

the manufacturers supplied cure kinetics data [43]. For measurements taken close to the outlet of 

infused panels it was found that the results were in close agreement with the characterised 

compaction curve, which over predicted fibre-volume fraction by at most 1%. For measurements 

taken close to the inlets of infused panels it was found that the results diverged significantly from 

the predicted curve. For these samples the measured fibre-volume fraction was found to be lower 

than predicted, with the discrepancy increasing linearly with laminate pressure. These 

measurements highlight a difference in the physical process of laminate compaction between the 

inlets and outlets of the samples, as although the resin pressure at the inlet and outlet at cure has 

been observed as being nearly identical in the SCRIMP and DBVI laminates independently, there 

are significant differences in final laminate inlet and outlet thickness. A possible explanation for 

this is the large amount of laminate relaxation observed at the inlet during these infusion processes 

when compared to the outlet. This relaxation of the laminate due to increasing fluid pressure as 

the infusion proceeds results in excess resin being present when the inlet is clamped at the 

completion of laminate filling. Despite equal compaction pressure being applied to the laminate 

across the infusion length, the greater level of excess resin and increased distance from the vacuum 

outlet at the inlet end could result in a reduced rate of resin drainage when compared to the outlet 

end.  

Final laminate thickness and laminate pressures at resin cure for both the inlets and outlets of the 

CAPRI and PI methodologies were plotted against the cyclic compaction curve, as shown in Figure 

3.12 b. For measurements taken on the CAPRI panels it was found that the results for both the 

inlet and the outlet were in close agreement with the characterised compaction curve, which over 

predicted fibre volume fraction by approximately 1%. For measurements taken on the PI panels, 

it was found that the results differed significantly from those predicted, with the inlets and outlets 

having fibre volume fractions 11% and 3% lower than the characterised curve respectively. Again, 

this discrepancy can possibly be attributed to the aforementioned effects due to laminate relaxation 

and unequal distances to vacuum ports at the inlet and outlet. The pulsation of the compacting 

bag during infusion and collapse of the resin distribution channels during post filling in the PI 

methodology exacerbates these issues.  
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a) 

 

b) 

 

Figure 3.12: a) Absolute laminate pressure vs fibre volume fraction for non-cyclic laminates, b) Absolute 

laminate pressure vs fibre volume fraction for cyclic laminates 

3.7 Physical and Mechanical Properties 

3.7.1 Post Curing and Sample Preparation 

All infused panels were post cured simultaneously in an electric convection oven. The curing cycle 

involved a one hour ramp to 80°C, with this temperature being maintained for 10 hours before 

being allowed to cool to room temperature. Samples for fibre volume fraction, void content, short 

beam shear, and compression tests were cut from the panels via a diamond edged blade and wet 

sanded to remove rough edges.  

3.7.2 Fibre Volume Fraction 

A total of six 25 x 25mm samples were used to determine the average fibre volume fraction of the 

inlet and outlet of the panels manufactured via each methodology. These samples were cut a 

distance of 25 mm inward from the inlet and outlet edges of the panel. A Sartorius YDK01LP 
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density kit was used to measure sample weight and density via the Archimedean principle. 

Samples were then heated in a Nabertherm furnace at 600 °C for 2 hours to burn off all resin and 

stitching. The remaining fibres were then weighed using a Mettler AE240 high precision scale. The 

density and weight of each sample, along with the density and weight of the fibre post-burnoff were 

used to calculate the fibre volume fraction. The calculation for this is given in Equation 3-4, where 

Vf, Wfibre, ρfibre, Wsample and ρsample represent fibre volume fraction, fibre weight, fibre density, sample 

weight, and sample density respectively. 

 

𝑉𝑓 =

𝑊𝑓𝑖𝑏𝑟𝑒

𝜌𝑓𝑖𝑏𝑟𝑒

𝑊𝑆𝑎𝑚𝑝𝑙𝑒

𝜌𝑆𝑎𝑚𝑝𝑙𝑒

 3-4 

 

Figure 3.13: Measured fibre volume fractions at inlets and outlets of each manufacturing methodology with 

one standard deviation error bars. 

The measured fibre volume fraction data is presented in Figure 3.13. Here it can be observed that 

processes with lower laminate pressures at resin cure, as noted in Table 3.1, achieved higher fibre 

volume fractions and vice versa. While the addition of a consumable distribution media did not 

affect the average fibre volume fraction, processes that did not utilise a consumable distribution 

media experienced greater variation in fibre volume fraction between the inlet and outlet end of 

the part, consistent with findings in other studies[25]. SCRIMP, VAP, and CAPRI all have fibre 

volume fraction variances of less than 1%, while PI and VARTM have variances of 19% and 4%. 

The exception to this trend was DBVI, which has a variance of 5% despite its use of distribution 

media. This can potentially be attributed to DBVI closing the resin outlet once laminate saturation 

has occurred rather than exposing it to vacuum pressure during the post filling stage. The highest 

fibre volume fraction was achieved via the CAPRI infusion methodology, being 9% higher than that 

achieved via VARTM and SCRIMP when averaged across inlet and outlet, in agreement with 

previous findings [24].  
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3.7.3 Short Beam Strength 

Short beam shear tests were undertaken on the panels in accordance with ASTM D2344, with the 

goal being to assess the influence of infusion methodology on interlaminar shear strength.  Five 

samples were tested from the inlet and outlet of each panel, having a width of 6mm, a length of 

18mm, and a nominal thickness of 3mm. A test span of 12mm was used for all samples. The results 

of the testing regime are presented in Figure 3.14. It should be noted that in all cases the samples 

failed via transverse shear as described schematically in Figure 3.15. This was due to the laminate 

having four unidirectional layers with fibres oriented 90° to the span direction in its centre. When 

shear failure initiated in these layers, cracks were free to propagate in the directions of maximum 

shear stress, being 45° to the neutral axis. For this reason results have been presented as short 

beam strength rather than interlaminar shear strength. 

 

Figure 3.14: Short beam strengths measured at the inlet and outlet of each panel with 1 standard deviation 

error bars 

 

Figure 3.15: Short beam test failure mode 

Statistical analysis was undertaken independently on the test results from the inlet and outlets of 

the panels. For the samples taken from the outlets, ANOVA tests indicated that there was no 

statistically significant difference between the short beam strengths of the six different methods, 
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with a P-value of 0.52. This finding is consistent with previous studies comparing VAP and 

SCRIMP [9]. For the samples taken from the inlets, ANOVA tests indicated that there was a 

statistically significant difference in strength between at least two of the methods, returning a P-

value of 0.011. Subsequent Tukey tests on the data set indicated that the only statistically 

significant differences in strength existed between the DBVI and the VAP and VARTM panels, with 

p-values of 0.032 and 0.048 respectively. The average difference in strength was measured to be 

13.6% for DBVI and VAP and 13.0% for DBVI and VARTM, with DBVI being stronger in both cases. 

This difference can potentially be attributed to the significantly increased laminate thickness and 

reduced fibre volume fraction found in the inlet samples of both the DBVI and PI panels. Previous 

studies have shown that short beam strength and fracture toughness increase with decreasing 

fibre content due to increased plastic deformation energy dissipation in thicker resin rich 

interlaminar layers present in low fibre volume fraction composites [128]. The lower strength 

reported for outlet PI samples can also be attributed to an increase in void content, as previous 

work has shown that void content does significantly influence short beam strength when it exceeds 

a critical value of ~1% [129], [130]. 

3.7.4 Combined Loading Compression Strength 

Combined loading compression tests were undertaken on the panels in accordance with ASTM 

D6641 to assess the influence of infusion methodology on laminate compressive strength. Five 

samples were tested from the inlet of each panel, with an additional five samples tested from the 

outlet of panels with significant thickness gradients. Test specimens had a standard width of 13 

mm and length of 140 mm, and a nominal thickness of 3 mm. it should be noted that in all cases 

the samples failed via accepted failure modes for the D6641 standard. The results are presented 

in Figure 3.16. 

 

Figure 3.16: Compressive strengths measured at inlets and outlets of each panel with one standard 

deviation error bars 
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Statistical analysis was undertaken independently on the test results from the inlet of the panels. 

ANOVA analysis of the inlet sample results indicated that there was a statistically significant 

difference between the infusion methods, with a P-value of 0.007. Tukey tests on the data set 

indicated statistically significant differences in compression strength between the CAPRI and the 

PI and VARTM panels, p-values of 0.006 and 0.028 respectively, with CAPRI being stronger in both 

cases. The difference in average strength was 10% and 8.6%. The higher compressive strength of 

the CAPRI samples can be attributed to their higher fibre volume fraction [131].   

ANOVA tests on the inlet and outlet of the PI, VARTM, and DBVI samples indicated a statistically 

significant difference in strength between the inlet and outlet of the PI and DBVI methods, with p 

values of 0.014 and 0.018 respectively. The difference in strength between the inlet and outlets 

were 9.3% for PI and 7.7% for DBVI, the outlet having a higher compression strength in both cases. 

This difference in compressive strength can be attributed to the lower fibre volume fraction of the 

inlet of the PI and DBVI panels relative to the outlet [131].  

3.7.5 Void Content 

a)  b)  

Figure 3.17: a) SCRIMP inlet polished sample surface, b) PI outlet polished sample surface. 

Five 25 x 25 mm samples were used to estimate the average void content at the inlet and outlet of 

the panels manufactured via each infusion methodology through microscopy. The samples were 

encased in West Systems 105 epoxy and polished on a Buehler Ecomet 300 polishing machine up 

to 1200 grit. The polished surface of the sample was then photographed in eight sections using a 

high power microscope, capturing the entire sample width and height. The individual images were 

then stitched into a single full field image using the software package AutoStitch. ImageJ image 

processing software was used to manually determine the void area through user based boundary 

selection. This area was used to estimate sample void fraction for the inspected cross section. The 

results of the microscopy analysis showed the inlet and outlet void content of all processes was 

below 0.2%, with the outlet of PI being the exception with an averaged void content of 2.5%. This 

indicates that all of the infusion methodologies, with the exception of Pulsed Infusion, were capable 

of achieving low void contents when best process parameters were applied, as determined through 

preliminary panel manufacture. Figure 3.17a shows a cross section of a panel manufactured via 

the SCRIMP method. Its void content and distribution is representative of that found in the other 

1mm 1mm
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processes, excluding Pulsed Infusion. It should be noted that the small dark pointed regions in the 

central layers are not voids, but are regions where the ends of fibres running near parallel to the 

surface have been broken off during the polishing process. Figure 3.17b shows a cross section of 

the pulsed infusion panel at the outlet end. The majority of the voids have formed within the tows, 

likely due to one of the reasons highlighted in Section 3.5.2. 

3.8 Conclusions 

Six variations of the vacuum resin infusion manufacturing methodology have been investigated to 

discern if the modifications to the manufacturing process made by each infusion method had a 

distinguishable effect, and how significant the effect was. Process parameters monitored included; 

infusion time, laminate and pot pressure, laminate thickness, resin mass in the reservoir at the 

inlet, and laminate void formation. Physical and mechanical properties measured of the finished 

parts included; fibre volume fraction, short beam shear strength, combined loading compression 

strength, and void content.  

Process parameters were found to vary significantly between methodologies, with large differences 

in infusion time, laminate pressure and relaxation, and resin usage. Of particular note was the 

CAPRI infusion methodology, which experienced the lowest peak laminate pressure and thickness 

increase while using the least resin. The worst preforming methodologies were found to be DBVI 

and PI, experiencing the greatest laminate peak pressure and thickness increase, and resin usage 

respectively. 

Fibre volume fractions were found to vary significantly both between methodologies and along the 

infusion length of some panels. CAPRI achieved the highest fibre volume fraction, with no 

significant difference between the inlet and the outlet of the part. DBVI and PI achieved the lowest 

fibre volume fractions, with large variations between inlet and outlet ends. Maximum differences 

of 13% and 10% were found in short beam strength and compressive strength between the infusion 

methods. There was found to be no significant difference in void content between methodologies 

once the best process parameters had been established, with PI being the exception. VARTM, 

SCRIMP, CAPRI, DBVI and VAP all achieved void contents below 0.2% at both the inlet and the 

outlet ends of the part. PI experienced significant void formation at the outlet end of the part, with 

void content exceeding 2.5%. Achieved resin pressure within the laminate during the post-filling 

stage has been identified as a critical parameter for controlling void content, a large enough value 

being required to supress expansion of any entrapped gas.  Due to varying rates of pressure decay 

during post-filling for the various infusion methodologies, different pressures were applied at vents 

in each case. Compaction characterisation was performed in order to correlate the resulting data 

to observations of the infusion methodologies, and assess the potential to predict final laminate 

thicknesses from such data. For VARTM, SCRIMP, VAP, and DBVI the characterisation method 

could be used to predict the fibre-volume fraction within 1% close to the resin outlet, but at the 
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resin inlet the measured fibre-volume fraction was found to be lower than predicted, with the 

discrepancy increasing linearly with laminate pressure. For PI it was found that the results 

differed significantly from those predicted, with the inlets and outlets having fibre volume fractions 

11% and 3% lower than predicted from the compaction data respectively. For measurements taken 

on the CAPRI panels, it was found that the results for both the inlet and the outlet were in close 

agreement with the characterised compaction curve, which over-predicted fibre volume fraction by 

approximately 1%.  

This work represents the first comparison between the most common varieties of resin infusion 

methods currently in use in industry, providing a level comparison of all methods in identical 

circumstances. The authors have endeavoured to give a fair evaluation of the purported benefits of 

each infusion method when contrasted against a wide range of alternatives. While some 

recommendations are made here, the reader is encouraged to apply their own criteria against the 

provided experimental evidence, to select an infusion methodology that meets the requirements of 

their specific manufacturing scenario. 
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4  
Influence of Dissolved Gasses in Epoxy 

Resin on Resin Infusion Part Quality  

4.1 Introduction 

Henry’s Law states that the concentration of a solute gas in a solution is a function of the partial 

pressure of that gas situated above the solution [30]. From this it can be inferred that decreasing 

the partial pressure of the gas above a saturated fluid will result in the fluid becoming over 

saturated. This condition is called supersaturation, and refers to state where a solution contains a 

higher level of gas than could be dissolved by the solvent at equilibrium under normal 

circumstances. In this state the system is unstable and gas will diffuse out of the fluid until the 

new lower saturation gas content is reached and equilibrium is achieved. In vacuum assisted resin 

infusion processes the gas partial pressure acting on the resin is significantly decreased compared 

to atmospheric conditions at which the resin is stored. Depending on the resin’s initial dissolved 

gas content, this can cause the resin to become supersaturated. In a supersaturated fluid, gas 

bubbles will form at nucleation sites, and continue to grow as gas diffuses into them from the fluid. 

If this occurs during the filling or curing stages of the vacuum assisted resin infusion process then 
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the cured part has a high likelihood of containing voids. In order to develop robust high 

performance infusion manufacturing processes the characteristics of dissolved gasses in resin have 

to be determined.  

4.1.1 Gas Induced Void Formation 

Gaseous components dissolved into resin at room conditions are a key source of void formation, 

which is instigated once resin pressure is reduced to below atmospheric levels [29]. This 

mechanism of void formation is closely connected with the VARI process, due to the resin infusion 

and postfill stages being completed significantly below atmospheric pressure. According to Henry’s 

law [30], in a liquid system at equilibrium, the gas concentration linearly increases with respect to 

the absolute pressure of the gas acting on a liquid body. This has the implication that as fluid 

approaches zero absolute pressure its saturated dissolved gas concentration must also tend 

towards zero. During the infusion process, a pressure gradient is created in order to infuse the 

preform by applying vacuum to the outlet end. If resin being infused has a gas content that was 

previously at equilibrium with atmospheric pressure, it will become over-saturated [22]. When the 

resin is over-saturated with dissolved gas, the system will try to reach the new equilibrium state 

by dispelling the excess dissolved gas through the formation of bubbles. Bubble formation induced 

by this excess gas is governed by the nucleation mechanism. Four distinct modes of gas bubble 

nucleation can exist in an over-saturated liquid solution: (1) Homogeneous nucleation, (2) Classical 

heterogeneous nucleation, (3) Pseudo-classical nucleation, and (4) Non-classical nucleation [132].  

Homogeneous nucleation can only occur in a uniform fluid, containing no gas cavities, foreign 

bodies in the bulk or on the surface of the vessel. Under these conditions, gas-bubbles must 

spontaneously nucleate inside the solution. Subsequently, a very high level of supersaturation is 

required for this mode of nucleation to occur. Classical nucleation is a process that occurs within a 

system that contains cavities in the liquid-solid interfaces or on foreign materials. In the classical 

nucleation process initially there is no entrapped gas present in said cavities. When the solution 

becomes super-saturated, nucleation occurs in these recesses or around the particles. Once the 

bubble has formed and detached from its nucleation site, a small volume of entrapped air remains 

in the cavity. This bubble then grows via the Pseudo-classical nucleation process. This bubble 

formation mechanism occurs at substantially lower levels of super-saturation and involves aspects 

of both homogeneous and heterogeneous nucleation mechanisms. The pseudo-classical nucleation 

process occurs at specific locations that harbour gas cavities, such as scratches or suspended 

particulates. Non-classical nucleation is a significantly different process. Similar to the previously 

described mechanisms, nucleation occurs at pre-existing gas-cavities. However, in this process 

there is no nucleation energy barrier to overcome [21], [29], [132], [133]. Homogenous and classical 

heterogeneous nucleation are associated with systems that do not initially contain entrapped gas. 

In order for bubble nucleation to initiate, these mechanisms must overcome a substantial energy 

barrier. Subsequently, an exceptionally high level of supersaturation is requisite in order for the 
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nucleation process to initiate. In VARI processes a wide range of gas cavity locations are present, 

such as dry preform surfaces, scratches on mould or container interfaces, or other impurities. Due 

to the high viscosity of infusion resins small quantities of air is easily entrapped in these locations 

during the wetout process. Thus, pseudo-classical nucleation is the prominent mechanism for 

bubble formation [22], [29]. Labordus et al. [22] studied the effect of fibre reinforcement materials 

on laminate void content. Some reinforcement materials, such as UnifiloTM, demonstrated a 

greater tendency to provide nucleation sites. Consequently, the materials with higher nucleation 

tendencies lead to more bubble formation, resulting in a higher void content and reduced 

mechanical properties.  

4.1.2 Bubble Behaviour in Liquid 

As bubbles are formed during vacuum infusion, either due to resin entrapment or nucleation, their 

geometry and location continually change until the resin gels. A wide range of factors influence the 

evolution of each bubble, including temperature, concentration of gas species in the adjacent fluid, 

hydrostatic pressure, and molecular diffusion rate, which can lead to growth or eventual collapse. 

As the resin curing process begins, the fluid temperature rises due to the exothermic nature of the 

reaction. In addition, a pressure gradient is generated between the regions of dry compacted fibres 

and those which are saturated. These changes in temperature and pressure have a substantial 

influence on bubble behaviour [29], [41], [134]. In general, bubble behaviour governed by the ideal 

gas law and molecular diffusion rates across the bubble-resin interface [29], [41], [132]. 

Furthermore, a gas concentration gradient is present that extends from the liquid epoxy to the 

bubble’s surface. The growth or collapse of the bubble is governed by the direction of this 

concentration gradient. In the case of a resin which is in an over-saturated state, a higher 

concentration of gas molecules is present in the resin than in the bubble. Thus, a net diffusion of 

gas occurs from the resin into the entrapped bubble, resulting in bubble growth. In the case of an 

under-saturated resin, a net diffusion of gas from the bubble into the resin occurs and the bubble 

slowly collapses [29], [41]. In infusion processes gas diffusion does not occur solely from dissolved 

species within the resin fluid. Air leakages, volatilisation of components of the resin, and 

evaporation of moisture and can also contribute to bubble growth [22], [132], [133]. Pressure and 

temperature have a substantial influence on bubble evolution; these two factors dictate both the 

solubility and diffusion rate of gaseous species, and substantial changes to these can influence the 

direction of the concentration gradient. Low temperatures result in higher viscosity, slowing the 

diffusion process and making bubble collapse more difficult. A higher temperature amplifies the 

mobility and energy of molecules, while decreasing the viscosity of the fluid. This increases the 

rate of diffusion, which influences the rate of bubble growth or collapse. Moreover, an increase in 

temperature leads to expansion of entrapped gas, increasing void content. This condition is 

exacerbated if the resin has reached gelation and diffusion can no longer occur [21], [41], [135], 

[136]. Through the manipulation of process parameters during infusion, it is possible to influence 
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bubble growth in the resin, directly influencing cured laminate void content [135]. As the growth 

or collapse of bubbles is governed by the molecular concentration gradients, the primary 

methodology for bubble reduction is to reduce resin gas content to a state of under-saturation. The 

infusion of sufficiently under-saturated resin will create a concentration gradient that results in 

the net diffusion of gas species from bubbles into the resin, leading to the collapse of entrapped air 

pockets. 

4.1.3 Void Reduction 

Pre-treatment of the resin to remove bubbles and reduce dissolved gas content prior to infusion is 

key to minimising void formation. Bubbles can be entrained into the fluid when the resin is poured, 

as a result of mixing, or can persist in scratches in the resin vessel or on foreign body particles. 

Moreover, resin that has equilibrated to room conditions has a dissolved gas content correlating to 

atmospheric pressure. Thus, degassing epoxy through exposure to low vacuum levels has several 

advantages including the elimination of existent bubbles, the reduction of dissolved gas levels 

within the resin and subsequent increase in the ability of the resin to dissolve entrapped gas 

bubbles [22], [137]. When resin is subject to low vacuum pressure the volume of the bubbles 

increases in accordance with the ideal gas law. The increase in bubble size increases the bubble 

rising rate, drawing them to the fluid surface and out of solution. This phenomenon is commonly 

observed as an initial boiling or foaming of the resin during the degassing process. As dictated by 

Henry’s law, the saturation gas content of a liquid is linearly related to the gas partial pressure 

acting upon it [30]. As pressure acting upon the resin is decreased, the resin gas solubility 

decreases and the resin becomes supersaturated. Thus to reach equilibrium again excess gas must 

diffuse out of the solution via one of the nucleation mechanisms. The new equilibrium point is 

dependent on the new gas partial pressure level, and fluid temperature. Following the nucleation 

process, formed gas bubbles rise to the surface of the resin. As bubbles rise they encounter further 

dissolved gasses within the resin. These molecules diffuse into the rising bubble and subsequently 

are removed from the fluid [21], [22]. If a resin is degassed to the point of equilibration at a lower 

vacuum pressure than applied during the infusion process, the risk of outgassing will be reduced 

to almost zero [21]. Following vacuum degassing it has been observed that some small bubbles may 

still be in suspension within the solution. Afendi et al. [33], [138] established a capillary separation 

technique where the resin passed through a filtering fabric, with an aim of eliminating 

microbubbles. Even if a thoroughly degassed resin is used for vacuum infusion, air bubbles can be 

still be entrapped during the impregnation stage due to differences in intra-tow and inter-tow resin 

velocities [136], [139]–[141]. However, a properly degassed resin will be under-saturated, and thus 

entrapped bubbles can be dissolved. The quantity of gas that can be dissolved is dependent on the 

dissolved gas content of the resin, the vacuum pressure applied during infusion which determines 

the saturation point, temperature, and other diffusion related parameters [22], [137]. 
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4.1.4 Degassing of Resin 

Two principal methodologies are employed to reduce dissolved gas content in liquid resins: 1) 

degassing the resin by forcing over-saturation of gasses and initiating the bubble nucleation 

process; 2) bypassing the nucleation process and introducing air bubbles directly into the liquid 

resin under vacuum, a process known as “sparging”. Evaluating the effectiveness of a degassing 

process requires measuring the volume of dissolved gas in the fluid before and after the degassing 

step. No standardised procedure currently exists for making these measurements. Labordus et al. 

[22] evaluated the effectiveness of degassing procedures by measuring the resulting void content 

in infused laminates. Afenfdi et al. [33] approximated the efficiency of degassing by measuring 

resin dissolved oxygen content via a dissolved oxygen meter. 

For VARI processes the standard degassing procedure consists of simply reducing the pressure 

acting on the liquid resin to level lower than atmospheric. This methodology draws criticism from 

some researchers. M. labordus et al. [22], observed that this traditional method of degassing tends 

to "de-bubble" the liquid resin rather than degassing it. When the resin is put under vacuum the 

existing bubbles will expand and rise to the surface, with dissolved gas diffusing into these bubbles. 

However, if once these initial bubbles are removed there are no suitable nucleation sites, little 

further degassing will occur as there are few bubbles into which the dissolved gas can diffuse. Fluid 

systems that don’t contain nucleation sites must subsequently undergo homogeneous nucleation. 

As the critical activation energy of homogeneous nucleation in a composite system is very large, as 

calculated by Wood [21], the corresponding rate of nucleation is very low. Therefore, degassing 

resin by simply exposing it to vacuum can be very inefficient. As mentioned previously, some 

materials exhibit favourable bubble nucleation properties. If during the degassing step the resin 

is put in contact with such material then the significant increase in low energy nucleation sites 

allows bubble formation to more readily occur. This enables a more efficient degassing of the resin. 

A range of materials have shown to exhibit this property including pumice, chalk and sparse 

unwoven polymers (e.g: Scotch Brite). The type of material used as nucleation agent and the 

number of nucleation sites influences the degassing efficiency [21], [22]. 

The aim of sparging is to remove the need for the bubble nucleation process through the 

introduction of bubbles directly into resin exposed to vacuum pressure. The process involves 

placing a porous filter as the base of the degassing vessel then covering the filter with liquid resin. 

As vacuum is applied to the resin, air is allowed to flow into the chamber through a flow limiting 

valve, passing through the filter resulting in a dispersion of small bubbles that rise through the 

resin. Dissolved gasses diffuse into these bubbles from the resin due to the applied vacuum [22].  

The addition of surfactants to resin also provides another possible avenue for increased degassing 

efficiency. These amphiphilic compounds consist of a hydrophilic head and a hydrophobic tail. 

These have the effect of lowering the surface tension between any two media, including liquid-

liquid, solid-liquid or liquid-air interfaces. The dual morphology of these compounds results in 

surfactants migrating to interfaces and self-orienting to satisfy the attraction of both their head 
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and tail. Surfactants can affect the rheological properties of a solution, but also affect the surface 

tension between a liquid and an air bubble, either by stabilizing their interface, resulting in a 

stable foam, or vice versa, by destabilizing the interface. The properties of the surfactant depends 

on the composition and the size of the head and tail. Thus, possible compositions of surfactants are 

virtually unlimited, and can be composed depending on the desired application [142], [143]. Specific 

surfactants are used as resin additives due to their deaerating properties. These compounds are 

partially insoluble with resin systems and prevent the formation of a stable solution. They migrate 

to the air/liquid interface when air bubbles are formed, and prevent stabilisation by altering the 

interface surface tensions. As a result the boundaries of bubbles lose their structural equilibrium, 

encouraging the diffusion of air molecules from the bubble into the resin [143], [144]. Thus the 

addition of surfactants to resin during the degassing process has the potential to increase the rate 

of dissolved gas removal.  

Previous work on degassing of resins for use in vacuum infusion has been limited in scope. 

Investigations of the efficiency of standard degassing, degassing via air sparging and degassing 

with Scotch Brite as a nucleation agent were undertaken by Labordus et al.[22], with non-degassed 

resin used as reference. The effectiveness of the different out-gassing procedures was determined 

by infusing Unifilo material at a constant vacuum pressure, with the void content of the cured 

laminates used as an indicative measure the effectiveness of each method. Non-degassed resin 

resulted in a high number of voids in manufactured laminates with random and bi-linear void 

distribution. Standard degassing also resulted in a high number of voids, but no longer in random 

distribution. Laminates infused with resin degassed with nucleation material or by air sparging 

contained no visible voids. The efficiency of air sparging and degassing with Scotch Brite acting as 

a nucleation agent was also studied by Afendi et al.[33], at a relatively high degassing pressure of 

90 mBar. The efficiency of the degassing methods was assessed via measurements taken with a 

dissolved oxygen measurement probe. In this study sparging was observed to result in the most 

efficient degassing, with a steady state of 50-60% oxygen removal achieved after 15 minutes. 

Degassing with a nucleation agent achieved a similar steady state value, but degassing rate was 

found to be influenced by resin viscosity. 

4.1.5 Study Aims 

The aim of this study was to develop a thorough understanding of the influences of dissolved gasses 

on vacuum assisted resin infusion, and provide a foundational methodology which can be applied 

in order to develop robust high performance infusion manufacturing processes. The efficiency of a 

range of resin degassing methodologies was assessed across a range of pressures via measurements 

of dissolved oxygen content. The relationship between resin pressure and dissolved oxygen 

saturation was then determined in order to establish the gas saturation state of resin across the 

pressure range experienced during vacuum infusion. A model was developed in order to estimate 

the absorption rate of oxygen into degassed epoxy resin, based on experimental measurements, so 
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that the useful shelf life of degassed resin could be evaluated. Finally, the influence of resin 

dissolved oxygen saturation state on laminate mechanical properties and void content was 

determined.   

4.2 Material Details and Layup Properties 

Gurit Prime 20 LV, a bisphenol-A-(epichlorhydrin) room temperature curing thermoset epoxy was 

selected as the resin for this study, paired with Gurit Prime 20 LV Slow Hardener. This system 

was selected based on intended use in vacuum resin infusion of high performance structures. The 

ratio of resin to hardener was 100-27 by weight. Resin additives TEGO Glide B 1484 and AIREX 

944 were used in this study to investigate the effect of resin additives with deaerating properties 

on resin degassing. TEGO Glide B 1484 is a polyether siloxane copolymer that acts as a glide and 

flow additive with deaerating properties. TEGO AIREX 944 consists of silicone tipped deaerating 

organic polymers and is formulated to act as an effective deaerating agent in a range of resin 

systems, including epoxies. The viscosity and density of the components and mixed resin system 

are detailed in Table 4.1, in addition to the resin additives utilised in this study.  

 

Table 4.1: Resins components and additives used in study 

 
Density 

[g/cm3] 

Viscosity at 20° 

[mPa.s] 

Viscosity at 25°C 

[mPa.s] 

Mix Ratio by 

Weight  

Resin 1.12 1010 - 1070 600 - 640 100 

Hardener 0.94 22 - 24 15 – 17 27 

Mixed Resin 1.08 308 - 328 214 – 228 - 

Tego 1484 - - 450 0.4 

Tego 944 - - - 0.4 

 

For degassing experiments where a nucleation agent was required 20x20x5mm sections of Scotch 

Brite were used. This was based on its documented property of effectively providing sites for bubble 

nucleation in resins [22].  

The stack layup utilised in this study for vacuum resin infusions consisted of eight layers of Colan 

MU 4500 D 480g/m2 glass fibre unidirectional non-crimp fabric with [+90°/0°/+90°/0°]s fibre 

orientations. The laminates produced had in-plane dimensions of 350x150mm, with a nominal 

thickness of 3mm. The SCRIMP methodology was utilized for resin infusion. The setup schematic 

for each infusion is detailed in Figure 4.1. All infusions were one dimensional with wetting 

occurring along the stack length. Infusions were all undertaken at ~22°C and ~50% relative 

humidity.  
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Figure 4.1: Infusion setup schematic 

4.3 Experimental Program 

4.3.1 Measurement of Dissolved Gasses 

An Atlas Scientific dissolved oxygen probe was used to evaluate the dissolved gas content of resin 

samples. This is a galvanic type dissolved oxygen probe that provides a reading of the oxygen 

content in a fluid or gas. Oxygen present in the measured fluid diffuses through a Teflon membrane 

into an electrolyte fluid reservoir into which a silver cathode and zinc anode are submerged. 

Oxygen is reduced at the cathode which results in a voltage, used to infer the quantity of reduced 

oxygen molecules in a reading of milligrams per litre. This measurement method consumes oxygen 

in the fluid around the probe tip, meaning that in a still fluid the measured value will decrease 

with time. Subsequently a small movement of the fluid or probe is necessary to provide an accurate 

oxygen content measurement. It should be noted that this probe is designed for applications in 

water based environments and its use in epoxy resins is outside its designed use case, thus the 

stated probe accuracy of ±0.05mg/L should be considered with caution. 

Henry’s Law states that the concentration of a solute gas in a solution is a function of the partial 

pressure of that gas above the solution and the solubility of that gas in the solvent liquid [30]. 

Although the solubility of each component of the gas will determine the ratio of dissolved gas 

components to one another, this ratio will remain constant irrespective of total gas pressure, as the 

partial pressure ratios will remain constant. Therefore a measurement of dissolved oxygen in a 

fluid can be utilised to evaluate the total level of dissolved gasses, although it cannot provide exact 

quantities without knowing the solubility of each component which can be determined via the 

Hildebrand solubility theory [145]. 

Prior to each test series the dissolved oxygen probe was calibrated at two points against fluids with 

known dissolved content, being air and a deoxygenated fluid. It was noted that probe 

measurements against these known points could vary significantly after the probe had been 
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exposed to the resin for extended time periods. Subsequently during continuous tests the probe 

was recalibrated every 24 hours to minimize measurement drift. During the measurement process 

the probe was manually stirred in the resin and moved vertically between the top and bottom of 

the sample, in an attempt to have a homogenized reading of the solution. Several precautions had 

to be followed to guarantee accurate and consistent readings. When the probe is submerged into 

the liquid, care must be taken not to entrap any bubbles at the concave probe head, as these will 

produce artificially high readings. Moreover, the stirring had to be gentle and consistent to prevent 

entrainment of gases and bubbles into the resin, while maintaining sufficient flow rate across the 

probe head to prevent the probes oxygen consumption from causing an artificially low reading. 

4.3.2 Effectiveness of Degassing Techniques 

The effectiveness of three degassing techniques and influence of two resin additives was evaluated. 

Degassing techniques evaluated in this study include ‘standard’ degassing, degassing with a 

nucleation agent, and degassing via sparging. The resin additives evaluated included Tego 1484 

and Tego 944, both designed to aid deaeration of resin systems. Degassing effectiveness was 

evaluated at three vacuum levels for each method: 5mBar, 15mBar, and 50mBar absolute pressure. 

During preliminary tests it was observed that the selected resin hardener would degrade when 

directly exposed to atmospheric air for extended periods of time, forming crystalline solids. 

Subsequently only the bulk epoxy component of resin was studied for this testing regime.  

Each experiment consisted of five samples containing 70g of resin. In order to eliminate any 

geometrical effects, or the influence of scratches within vessels acting as bubble nucleation sites, 

identical virgin polypropylene containers were used for each test. Prior to the experiment the epoxy 

resin was stored at room conditions - (23°C, ~60% relative humidity). Sample preparation involved 

pouring resin into the test vessels two hours prior to the initial dissolved oxygen reading. This time 

allowed air-bubbles entrained during pouring to rise to the surface of the fluid, reducing their 

influence on oxygen readings. The initial dissolved oxygen level was measured for each sample to 

ensure homogeneity in initial conditions between tests. This data was also used to determine 

saturated dissolved oxygen content at atmospheric conditions.  

For standard degassing the resin samples were placed into a vacuum chamber and the pressure 

decreased to the specified level. For degassing with a nucleation agent a piece of 10×10×3mm 

Scotch Brite was submerged in each sample prior to degassing. For degassing with resin additives 

a solution 0.4% by weight of additive was combined with the resin prior to sample pouring for both 

Tego 944 and Tego 1484. Sample dissolved oxygen levels were measured every 15 minutes until 

total vacuum exposure time reached one hour. Measurements were then taken after vacuum 

exposure time reached 2, 3, 24, and 48 hours. In order to take measurements the samples were 

removed from the vacuum chamber and analysed at atmospheric conditions. Total exposure time 

to atmospheric conditions was limited to five minutes per measurement point to minimise the 

influence of oxygen being adsorbed back into the resin.  
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4.3.3 Influence of Pressure on Dissolved Oxygen Saturation  

The influence of pressure on steady state dissolved gas level in resin was studied to determine the 

relationship between the saturation level of dissolved oxygen and environmental pressure. Seven 

experiments were undertaken at varying levels of vacuum pressure, ranging from 5mBar to 

600mBar, to determine the saturation point of dissolved oxygen content in resin across the range 

of pressures resin is exposed to during infusion processes. Each experiment consisted of five 

samples containing 60g of epoxy without hardener in identical virgin polypropylene containers. At 

the beginning of each test the specimens initial dissolved oxygen content were measured. The 

samples were then degassed at the specified pressure via the standard degassing method. 

Dissolved oxygen measurements were made every 24 hours, with measurements being ceased once 

the saturation point had been reached and no further decrease in oxygen content was observed. 

This steady state value was recorded as the saturation point for dissolved oxygen content.  

4.3.4 Absorption Rate of Oxygen in Degassed Epoxy Resin 

In order to quantify the influence of gas reabsorption on degassing efficiency measurements, and 

determine the time frame in which degassed resin needs to be used, the re-absorption rate of 

dissolved gas back into the epoxy after degassing was studied at varying resin depths. Three 

experiments were undertaken, consisting of five samples containing 30g, 60g, and 90g of epoxy 

without hardener in identical virgin polypropylene containers. These resin weights correlated to 

fluid depths of 11mm, 23mm, and 34mm respectively. The specimens were degassed for 24 hours 

at 5mbar absolute pressure by the standard degassing method. After degassing the dissolved 

oxygen level was measured to ensure reasonable homogeneity in initial conditions between 

samples and between tests. Samples were then placed into an environmental chamber at 22°C and 

50% relative humidity at atmospheric pressure to minimize the influence of variable 

environmental conditions on absorption. Dissolved oxygen measurements were made after 1 hour, 

2 hours, 3 hours, 24 hours, 48 hours, 120 hours, and 240 hours of conditioning, with measurements 

being ceased once saturation had been reached.  

4.3.5 Influence of Dissolved Oxygen on Laminate Mechanical Properties 

Three series of identical fibreglass laminates were infused with resin containing varying levels of 

dissolved oxygen to determine the influence of dissolved gases in resin on bubble formation, 

subsequent void content in the vacuum assisted resin infusion process and selected mechanical 

properties. Panels had the dimensions and setup described in Section 4.2, and infusion was 

performed under atmospheric conditions of 22°C and 50% relative humidity. A short release fabric 

break length of 5-10mm was used at the outlet end of the panel. This provided a path of low 

resistance for excess resin to be drained from the part after wetout, and allowed laminate fluid 

pressure to decrease rapidly during the postfill stage of the infusion. Through this mechanism the 

laminate fluid pressure at cure could be accurately controlled via the vacuum level applied to the 
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outlet of the part during the postfill stage.   

Prior to infusion the un-bagged laminate and epoxy resin (excluding hardener) were conditioned 

in an environmental chamber at 22°C and 50%RH for a period of 48 hours. The layup was then 

sealed under a flexible chamber and a vacuum of 15mBar absolute pressure was applied to the dry 

fibre stack for 24 hours. This removed any excess moisture from the laminate in an effort to 

minimise the influences of humidity. For each infusion 250g of resin and 65g of hardener were 

degassed at 5mbar for a sample specific time period depending on the desired dissolved oxygen 

level. After degassing the dissolved oxygen level of the mixed resin was measured. The laminate 

was then infused at a vacuum of 15mBar absolute pressure. Once total laminate wetout was 

achieved the resin inlet was closed and a specified postfill pressure was applied at the outlet. Resin 

curing took place at room conditions for 24 hours. Laminates were then post-cured at 80°C for 10 

hours to ensure complete cure of the resin was achieved. 

Tests undertaken on the three series of panels included analysis of void content and mechanical 

testing of laminate compression strength. Five 25 x 25 mm samples were used to estimate the 

average void content at the inlet and outlet of the panels manufactured through microscopy. The 

samples were encased in West Systems 105 epoxy and polished on a Buehler Ecomet 300 polishing 

machine up to P3000 grit. The polished surface of the sample was then photographed in eight 

sections using a high power microscope, capturing the entire sample width and height. The 

individual images were then stitched into a single full field image using the software package 

AutoStitch. ImageJ image processing software was used to manually designate voids through user 

based boundary selection. These images were then processed via a Matlab script that binarized the 

images into void and non-void areas. The ratio of void area to total cross sectional area was used 

to estimate sample void fraction.  

Combined loading compression tests were undertaken on the panels in accordance with ASTM 

D6641 to assess the influence of dissolved oxygen content and deaeration additives on laminate 

compressive strength. Six samples were tested from the inlet of each panel. Test specimens had a 

standard width of 13 mm and length of 140 mm, and a nominal thickness of 3 mm. 

The first test series involved six laminates that were infused with resin that had been degassed 

for 0, 1, 5, 10, 20, and 60 minutes respectively. In samples with total degassing times up to ten 

minutes the epoxy and hardener were mixed prior to degassing. For samples that exceeded ten 

minutes, epoxy and hardener were degassed separately, then mixed and degassed together for the 

final 10 minutes. Sample degassing times are summarized in Table 4.2. In all tests the total elapsed 

time from resin mixing to infusion was kept constant at 25 minutes. This prevented differing stages 

of resin cure progression influencing the infusion process. In all infusions a postfill vacuum 

pressure of 300 mBar was applied during laminate cure. Testing undertaken on this series included 

void content analysis at the resin inlet and outlet ends of the panel, and laminate compression 

strength.  
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Table 4.2: Resin degassing durations for first test series 

Resin Type Degassing time of resin constituents 

Epoxy 0 min 0 min 0 min 0 min 10 min 50 min 

Hardener 0 min 0 min 0 min 0 min 10 min 50 min 

Mixed Resin 0 min 1 min 5 min 10 min 10 min 10 min 

Total Degassing Time 0 min 1 min 5 min 10 min 20 min 60 min 

 

The second test series involved laminates that were infused with resin that had deaerating 

additives present. TEGO Glide B 1484 and AIREX 944 deaeration additives were added to the 

resin at a concentration of 0.4% by weight to investigate the effect of resin additives on laminate 

properties. Two laminates were manufactured for each additive, with a single additive-free 

laminate providing a baseline for comparison. Additives were mixed into the resin prior to 

degassing. Resin with additive and hardener were degassed separately for ten minutes, then mixed 

and degassed for an additional ten minutes. The total elapsed time from resin mixing to infusion 

was kept constant at 25 minutes. In all infusions a postfill vacuum pressure of 300 mBar was 

applied during laminate cure. Testing undertaken on this series included void content analysis at 

the resin inlet and outlet ends of the panel, and testing of laminate compression strength.  

The third test series involved four laminates that were infused with resin that had been degassed 

to set levels of dissolved oxygen content. Preliminary inspection of the first series of laminates 

indicated that void content of the cured laminated was a binary function of whether the resin was 

oversaturated or understated with dissolved gas relative to laminate fluid pressure at cure. To 

further validate this theory an additional set of panels were manufactured with resin dissolved 

oxygen contents and corresponding postfill pressures selected such that the resin would be either 

under saturated or over saturated during postfilling. Two panels were manufactured with low post 

fill pressures and high post fill pressures in order to ensure the theory was validated across a range 

of processing conditions. In each case one panel was infused with dissolved gas content and 

laminate pressure such that the resin was marginally over saturated, while the other was 

marginally under saturated. The dissolved oxygen content and postfill pressure for each laminate 

is presented in Table 4.3. In all tests resin and hardener were mixed prior to degassing, and the 

elapsed time from resin mixing to infusion was kept constant at 25 minutes. Void content analysis 

was performed at the resin inlet and outlet ends of the cured panel. 

Table 4.3: Resin conditions for third test series 

Sample Number 1 2 3 4 

Dissolved O2 [mg/L] 2.4 4.1 4.4 5.1 

Postfill Pressure [mBar] 150 500 100 450 

Saturation Undersaturated Undersaturated Oversaturated Oversaturated 
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4.4 Results and Discussion 

4.4.1 Effectiveness of Degassing Techniques 

Table 4.4: Percentage of dissolved oxygen removed by degassing methods at three pressure levels 

  Degas duration (Hours) 

Degas Method Pressure 0.25 0.5 0.75 1 2 24 48 

Standard 5mBar 74% 67% 68% 63% 72% 72% 72% 

 15mBar 4% 6% 8% 8% 19% 47% 60% 

 50mBar -1% 1% 0% 0% 11% 34% 49% 

Scotch Brite 5mBar 77% 76% 74% 72% 66% 76% 71% 

 15mBar 9% 13% 17% 20% 33% 58% 66% 

 50mBar 5% 6% 2% 7% 15% 47% 63% 

Tego 944 5mBar 59% 30% 37% 48% 51% 78% 76% 

 15mBar 9% 4% 5% 4% 4% 31% 53% 

 50mBar 3% 3% 3% 4% 4% 26% 49% 

Tego 1484 5mBar 27% 26% 23% 20% 41% 66% 70% 

 15mBar -4% 0% -4% -4% -4% 36% 56% 

 50mBar -1% 2% 1% 0% 2% 36% 54% 

 

Plots showing the dissolved oxygen content of resin against time for standard degassing, degassing 

with Scotch Brite, degassing with Tego 944 and Tego 1484 deaeration additives are presented in 

Figure 4.2a and b, c and d , e and f, and g and h respectively. Key results from the investigation on 

the effectiveness of degassing techniques are summarised in Table 4.4, which states the average 

percentage of dissolved oxygen removed from the resin at degas duration. Degassing via the 

sparging method was removed from the study due to the tendency for sparging to result in micro-

bubble formation in the resin. These micro-bubbles could not be removed from suspension due to 

their small size and made dissolved oxygen measurements inaccurate, making comparison to other 

methods impossible. 

Low dissolved oxygen removal rates were recorded during the initial high measurement frequency 

period, with several tests at 5mBar showing increases in dissolved oxygen with increasing degas 

duration. This can potentially be attributed to the agitating and stirring of the resin required 

during the measurement process, resulting in air being entrained into the fluid.  

For all applied methods, degassing pressure was shown to have a profound impact on degassing 

rate. When degassing at 5mBar using the standard method the steady state dissolved oxygen level 

is reached after 15 minutes, compared to 15mBar and 50mBar which have still not reached 

equilibrium after 48 hours. Large differences in resin dissolved oxygen content were observed 

between degassing pressures at each measurement duration. After two hours degassing at 5mBar 
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72% of the initial dissolved oxygen had been removed, while degassing at 15mBar and 50mBar had 

removed 19% and 11% respectively. Significant differences in dissolved gas content were still 

present after 48 hours of degassing, with degassing pressures of 5mBar, 15mBar and 50mBar 

having removed 72%, 60%, and 49% of initial dissolved oxygen.  

Degassing with a nucleation agent present, Scotch Brite for these tests, resulted in significantly 

higher rates of dissolved gas removal at higher degassing pressures, but did not affect degassing 

rate or steady state value reached at low pressures, when compared to standard degassing. When 

degassing with Scotch Brite at 5mBar the steady state was again reached after 15 minutes, the 

dissolved oxygen level being nominally the same as recorded in the standard degassing tests. 

Degassing at 15mBar and 50mBar again did not reach equilibrium after 48 hours, but lower levels 

of dissolved oxygen in the resin were reached. Two hours degassing at 15mBar and 50mBar 

removed 33% and 15% respectively of the initial dissolved oxygen, 14% and 4% higher than 

achieved via standard degassing. 48 hours of degassing at 15mBar and 50mBar resulted in the 

removal of 66% and 60% of the initial dissolved oxygen, 6% and 14% higher than achieved via 

standard degassing respectively.   

Degassing with deaeration additives present in the resin resulted in significantly lower rates of 

dissolved gas removal across all degassing pressures. Dissolved oxygen measurements were also 

observed to vary significantly between samples when degassing at 5mBar, resulting in large 

standard deviations in the measured values. For Tego 944, degassing at 5mBar did result in steady 

state dissolved oxygen level being reached, but only after 24 hours. Two hours degassing at 5mBar, 

15mBar and 50mBar removed 51%, 4% and 4% respectively of the initial dissolved oxygen, being 

21%, 15% and 7% lower than achieved via standard degassing. After 48 hours of degassing 

dissolved oxygen levels were comparable to standard degassing across all pressures, once the large 

standard deviations of the samples degassed with Tego 944 were taken into account.  

For Tego 1484, degassing performance was comparable to that of Tego 944. Two hours degassing 

at 5mBar removed 41% of the initial dissolved oxygen, while degassing at 15mBar and 50mBar 

was observed to result in negligible removal of dissolved gas. This resulted in performance 31%, 

19% and 11% lower than achieved via standard degassing. 48 hours of degassing at 5mBar, 15mBar 

and 50mBar resulted in the removal of 70%, 56% and 54% of the initial dissolved oxygen, being 

comparable to the levels achieved via standard degassing. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

Figure 4.2: Resin dissolved oxygen content with time for standard degassing (a, b), degassing with a 

nucleation agent (c, d), degassing with deaeration additive Tego 944 (e, f) and Tego 1484 (g, h). 
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4.4.2 Influence of Pressure on Dissolved Oxygen Saturation 

Figure 4.3 shows the measured values of dissolved oxygen content across the range of resin fluid 

pressures measured, with the average initial dissolved oxygen content of samples prior to 

degassing in the resin degassing method effectiveness experiments being used as a data point for 

saturation at atmospheric pressure. A strong linear correlation is observed, described in Equation 

4-1, where DO2 and P represent saturated dissolved oxygen content in mg/L and absolute fluid 

pressure in mBar respectively. From this relationship the saturation condition of the resin studied 

here can be determined based on measured dissolved oxygen and applied pressure. Resin with 

measured dissolved oxygen content greater than and less than the calculated saturation value for 

a given resin fluid pressure are oversaturated and undersaturated respectively. These regions have 

been presented in Figure 4.3. The linear nature of the relationship between dissolved oxygen 

content and applied pressure is in agreement with Henry’s law which states that at a constant 

temperature, the amount of a given gas dissolved in a given type and volume of liquid is directly 

proportional to the partial pressure of that gas in equilibrium with that liquid. This is described in 

Equation 4-2, where p, kH and c represent partial pressure of the solute above the fluid, Henry’s 

law constant (which is dependent on the solute being considered), and solute concentration in 

solution. However, the non-zero intercept of the measured relationship is in disagreement with 

Henry’s law, which implies that solubility tends to zero as pressure approaches absolute vacuum. 

This suggests a constant offset error is present in readings taken by the dissolved oxygen probe 

used in the tests undertaken, likely caused by issues with calibration or the fact that the probe is 

not rated for use in epoxy resins. Subsequently, all measurements of dissolved oxygen presented 

in this paper should be taken as comparative rather than absolute values.  

 

 

Figure 4.3: Plot of saturated dissolved oxygen content against resin fluid pressure, with oversaturated and 

undersaturated regions labelled 
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 𝐷𝑂2 = 0.005. 𝑃 + 1.94 4-1 

 𝑝 = 𝑘𝐻. 𝑐 4-2 

4.4.3 Absorption Rate of Oxygen in Degassed Epoxy Resin 

Figure 4.4a shows the average measured dissolved oxygen content of each resin volume against 

time. The resin tends towards a steady state dissolved oxygen content of 6mg/L, being lower than 

than the 7mg/L initial dissolved oxygen measured in previous degassing efficiency tests. This 

difference can be accounted for by the tendency of pouring resin into the measurement containers 

prior to the degassing tests resulting in additional air being entrained, resulting in elevated 

readings of dissolved oxygen. In previous work Wood et al [21] measured the Nitrogen saturation 

content in a pure liquid epoxy to be 0.0207 kg/m3 ±20% at atmospheric pressure and 40°C. 

Moreover, Wood et al demonstrated that the solubility was temperature independent across the 

measured range of temperatures between 40°C and 100°C. Given that air contains 78% nitrogen 

and 21% oxygen by mass, and both molecules are non-condensable gasses, if these gasses are 

absorbed in ratios based on their respective partial pressures it is possible to calculate the 

saturation content of oxygen in the resin. Using the saturation content of nitrogen and the ratio of 

their partial pressures, a saturation content of 0.0056 kg/m3 of oxygen in resin can be determined, 

which equates to 5.6mg/L. This is in close agreement with the steady state dissolved oxygen content 

of 6mg/L at room conditions observed experimentally. 

 

 

Figure 4.4: Resin dissolved oxygen absorption a) without modelled absorption, b) with modelled absorption 

In both the 30g and 60g resin samples dissolved oxygen content was observed to increase rapidly 

during the initial period of high measurement frequency, decreasing as measurement intervals 

increased. This indicated for the lower sample volumes that the act of agitating and stirring the 

resin during the measurement process was influencing the absorption rate of gasses. Absorption 

rate across all samples was observed to be slow, with an inverse relationship between sample 
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volume and absorption rate. A peak measured absorption rate of 0.8 mg/L/h was observed in 30g 

samples, indicating that degassing efficiency tests had not been substantially impacted due to their 

consistent and low total exposure time to atmospheric conditions.  

 

Figure 4.5: Calculated resin dissolved oxygen diffusion coefficient 

In order to determine the shelf life of degassed resin, a Fickian absorption model was applied to 

the measured data. This was to enable gas absorption to be modelled for varying resin depths, 

allowing dissolved oxygen content to be accurately predicted from resin depth and duration of 

exposure to atmospheric conditions. The model used was taken from Eftekhari’s [146] work on 

moisture absorption in thermoplastics, and is described in Equations 4-3 and 4-4. Here Mt, Mm, D, 

t and h represent dissolved oxygen concentration at time t, dissolved oxygen concentration at 

saturation, diffusion coefficient, time, and resin depth respectively. Equation 4-3 describes the 

model behaviour up until the critical time period, calculated from Equation 4-5, with Equation 4-4 

describing model behaviour after this point. From the measured data, the diffusion coefficient D 

was derived using Equation 4-6 and 4-7, rearrangements of Equation 4-3 and 4-4 respectively. For 

each data point, D and tcritial was calculated via either Equation 4-6 and 4-7, dependant on whether 

t was less than or greater than tcritical.. The diffusion coefficient calculated from each data set is 

presented in Figure 4.5. Due to the previously discussed influence of the measurement process on 

initial absorption rates, values of D derived from the initial high frequency measurement period 

are significantly greater than those calculated from durations of exposure exceeding 24 hours. The 

calculated diffusion coefficient is observed to tend towards a steady state in the low measurement 

frequency period, with the 60g and 90g samples in close agreement. An overall dissolved oxygen 

diffusion coefficient was calculated using the average of the low measurement frequency data 

points from the 60g and 90g series, the 30g series being excluded due to its low volume and 

associated difficulties in obtaining accurate measurements. Figure 4.4b show the modelled 

absorption curves based on the diffusion coefficient of 1.68x10-6 derived from the 60g and 90g data 
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sets, with recorded data points superimposed. The Fickian model are in good agreement with the 

measured data for the 60g and 90g resin volumes, however the absorption rate in the 30g sample 

is significantly lower than predicted as expected. This shows that for depths of resin exceeding 

~20mm that a Fickian absorption model can be used to accurately predict the absorption of 

dissolved gases into epoxy resins, and assess the shelf life of degassed resin.  
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4.4.4 Influence of Dissolved Oxygen on Laminate Mechanical Properties 

Table 4.5: Summary of results from infusion series 1 

Total Degassing Time 0 min 1 min 5 min 10 min 20 min 60 min 

Dissolved Oxygen 7.3 5.8 3.5 2.8 1.9 1.5 

Postfill Pressure 300 300 300 300 300 300 

Resin Saturation Over Over Under Under Under Under 

Void Content – Inlet 2.1 2.7 <0.1 <0.1 <0.1 <0.1 

Void Content – Outlet  <0.1 1.1 <0.1 <0.1 <0.1 <0.1 

CLC Strength 313 337 291 328 337 341 

 

Key results from the first experimental series on the influence of dissolved oxygen on laminate 

mechanical properties are summarised in Table 4.5. The dissolved oxygen content of the resin 

infused into the specimens ranged from 7.3mg/L for resin that underwent no degassing, to 1.5mg/L 

for resin that was degassed for 60 minutes. These results are largely in agreement with the values 

obtained during the previous tests for resin degassing method effectiveness. The lower value of 

dissolved oxygen reached in the 60 minute degas duration sample (1.5mg/L) compared to the steady 

state saturation value reached in tests for resin degassing effectiveness and influence of pressure 

on dissolved oxygen saturation (~2.0mg/L) can be attributed to the addition of hardener which has 

the effect of both lowering the fluids viscosity and changing its chemical composition. Resin with 

high dissolved oxygen content was observed to have a significantly shorter pot life when compared 

with resin that had been thoroughly degassed.   
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4.4.4.1 Void Content 

a) 

 

b) 

 

c) 

 

Figure 4.6: a) Inlet laminate cross section from oversaturated sample, b) Outlet laminate cross section from 

overstaturated sample, c) Inlet laminate cross section from undersaturated sample. 

Void content of the cured panels was found to vary significantly at the inlet end, and directly 

correlate to the saturation condition of the resin. Saturation condition of the resin was determined 

from the measured relationship of steady state dissolved oxygen content relative to resin pressure, 

shown in Figure 4.3. Samples with dissolved oxygen contents higher than the saturation value at 

the set postfill resin pressure were deemed oversaturated, while those with lower dissolved oxygen 

contents were deemed undersaturated. Samples with oversaturated resin were found to have high 

void contents (>2%) at the inlet in all cases. An example of the void distribution in these samples 

is shown in the microscopy image presented in Figure 4.6a. It should be noted that that the 

elongated dark regions in the tows running parallel to the cross section are the result of fibres 

breaking during the polishing processes, not voids. Here it can be seen that voids are largely formed 

in the inter-tow regions, and are of a significant size. Void content at the outlet end of oversaturated 

samples was observed to be significantly lower. Figure 4.6b typifies the void distribution found at 

the outlet of oversaturated samples, with significant size voids forming in the inter-tow regions at 

a much lower concentration than the inlet. The void content gradient along the infusion direction 

can be speculated to be a result of the fibres acting as bubble nucleation sites. Previous studies 

have found that glass fibres can act as effective bubble nucleation sites in oversaturated resins [22]. 

Subsequently, as oversaturated resin is draw into the laminate bubbles will begin to form and gas 

will continually diffuse into them. Thus it can be hypothesised that as the resin flows along the 

laminate length a dissolved gas gradient will form, the outlet end having a lower concentration 

1mm

1mm

1mm



4.4 Results and Discussion  89 

 
   

 

than the inlet, resulting in the observed difference in void content. Samples with undersaturated 

resin were found to have negligible void contents (<0.1%) at both the inlet and outlet ends. An 

example of the void distribution in these samples is shown in Figure 4.6c. It can be seen that there 

is no substantial void formation in either intra-tow or inter-tow regions. The consistent low void 

content can be explained by the ability of undersaturated resin to absorb entrapped air back into 

solution. Although bubbles will not form in undersaturated resin due to dissolved gasses nucleating 

and coming out of solution, air can still be entrapped as a result of differences in inter-tow and 

intra-tow resin flow rates. When this occurs in oversaturated resin, dissolved gas will diffused into 

the entrapped bubble causing it to expand, increasing laminate void content. By contrast, in 

undersaturated resins this entrapped air dissolves into the surrounding resin, until resin reaches 

local saturation or the bubble is depleted.     

4.4.4.2 Compression Strength 

  

Figure 4.7: Combined loading compression strength of samples with varying dissolved oxygen content 

The results of the combined loading compression strength tests with one standard deviation error 

bars are presented in Figure 4.7. Statistical analysis was undertaken on the test results to 

determine the statistical significance of any differences. ANOVA analysis of the results indicated 

that there was no statistically significant difference between the panels with varying dissolved 

oxygen content, returning a P-value of 0.78. This result shows that although increasing dissolved 

oxygen content leads in an increase in void formation within the laminate, the mechanical strength 

of the resin is not substantially impacted. Due to the compression test specimens being cut from 

the centre of the test panels and the gradiented void content along the infusion direction of the 

laminate, it is anticipated that the compression testing results have not been affected as 

significantly as could be expected if the samples were cut from the panel inlets. Laminate 

compression strength at the inlet is theorised to be more substantially impacted due to the 

significant increase in local void content present in oversaturated samples.  

0

100

200

300

400

0 2 4 6 8

C
L

C
 
S

tr
e
n

g
th

 (
M

P
a
)

Resin Dissolved Oxygen Content (mg/L)



4.4 Results and Discussion  90 

 
   

 

4.4.4.3 Resin Additives 

Table 4.6: Summary of results from infusion series 2 

Additive None 944 1484 

Dissolved Oxygen (mg/L) 1.9 2.4 3.1 

Postfill Pressure 300 300 300 

Resin Saturation Under Under Under 

Void Content – Inlet <0.1 <0.1 <0.1 

Void Content – Outlet  <0.1 <0.1 <0.1 

Key results from the second experimental series on the influence of deaerating resin additives on 

laminate mechanical properties are summarised in Table 4.6. The dissolved oxygen content of the 

resin infused into the specimens ranged from 1.9mg/L for resin with no additives, to 3.1mg/L for 

resin with 0.4% Tego 1484. These results are again in agreement with the values obtained during 

the previous tests for resin degassing method effectiveness, with the exception of 1484, which has 

a dissolved oxygen level 38% lower than anticipated. Again, the lower value of dissolved oxygen 

reached in this test after 20 minutes of degassing (3.1mg/L) compared to tests for resin degassing 

effectiveness (~5.0mg/L) can be attributed to the addition of hardener which has the effect of 

lowering the fluids viscosity. Tego 1484 was observed to increase resin viscosity, slowing the bubble 

formation process. The addition of hardener substantially reduces resin viscosity, allowing more 

rapid degassing to occur. In all cases the dissolved oxygen content was below the saturation 

condition at the set postfill resin pressure. No significant difference in void content between the 

cured panels was observed. In all cases samples were found to have negligible void contents (<0.1%) 

at both the inlet and outlet ends. Figure 4.6c is representative of the laminate cross sections at 

both ends of all the tested specimens, with no substantial void formation in either intra-tow or 

inter-tow regions. 

 

Figure 4.8: Combined loading compression strength for samples with deaerating resin additives 
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The results of the combined loading compression strength tests with one standard deviation error 

bars are presented in Figure 4.8. A 4% and 8% decrease in compression strength was observed in 

the panels infused with Tego 944 and 1484 resin additives respectively, relative to the control 

specimen.  Statistical analysis was undertaken on the test results to determine the statistical 

significance of these differences. ANOVA analysis of the results indicated that there was no 

statistically significant difference between the panels with varying dissolved oxygen content, 

returning a P-value of 0.10. This result shows that deaerating resin additives may result in slight 

decreases in laminate compression strength, but these can be regarded as insignificant depending 

on the level of material and process induced variation present in the finished laminate.  

4.4.4.4 Influence of Resin Saturation on Void Content 

Combined key results from the first and third experimental series concerning the influence of 

dissolved oxygen on laminate void content are summarised in  

. This combined data series was used to test the hypothesis, based on preliminary inspection of the 

first series of laminates, that void content of a cured laminated is a binary function of whether the 

resin was oversaturated or understated with dissolved gas relative to laminate fluid pressure at 

cure, across a wide range of infusion conditions. Here the O2 saturation value is derived from the 

measured relationship between steady state resin dissolved oxygen content and resin fluid 

pressure, presented in Equation 4-1, taking the set infusion postfill pressure as the input. The 

resin saturation was calculated taking the measured infused resin dissolved oxygen content as a 

percentage of the derived oxygen saturation.  

Table 4.7: Summary of results from infusion series 1 and 3 

Resin Saturation Undersaturated Oversaturated 

Test Series 1 1 1 1 3 3 1 1 3 3 

Dissolved O2 (mg/L) 1.5 1.9 2.8 3.4 2.4 4.1 5.8 7.3 4.4 5.1 

Postfill Pressure (mBar) 300 300 300 300 150 500 300 300 100 450 

Resin Saturation % 44% 55% 82% 100% 89% 93% 171% 215% 183% 124% 

Void Content – Inlet % <0.1 <0.1 <0.1 <0.1 0.2 0.2 2.7 2.1 2.9 3.1 

Void Content – Outlet % <0.1 <0.1 <0.1 <0.1 0.1 0.1 1.1 <0.1 1.2 0.4 

Void Content – Average % 0.1 0.1 0.1 0.1 0.2 0.2 1.9 1.1 2.1 1.8 

Figure 4.9 shows the relationship between resin saturation and average laminate void content. It 

is apparent that void content appears to be a binary function of the oversaturation condition, 

confirming the proposed hypothesis. If infused resin is oversaturated relative to the set postfill 

fluid pressure, average void content across the panel ranges from 1-2%. If the infused resin is 

undersaturated relative to the set postfill fluid pressure, the void content decreases significantly, 

ranging from 0.1-0.2%. There is no correlation between percentage saturation and void content. 

Higher levels of oversaturation do not result in greater void formation, nor do lower levels of 

undersaturation decrease void content.  
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Figure 4.9: Plot of average laminate void content against resin oxygen saturation 

Figure 4.10 provides an effective overall summary of the results of multiple investigations, 

combining the measured relationship between resin fluid pressure and dissolved oxygen saturation 

with the measured average void content of the samples produced in series one and three. Data 

point area correlates to void content, and the oversaturated and understaurated regions on the 

graph relate to the condition of the resin at any given pressure and dissolved oxygen content. From 

Figure 4.10 it is clear across a range of conditions that ensuring resin is undersaturated with 

dissolved gasses is key to ensuring a low level of porosity in vacuum assisted resin infused 

laminates. This highlights the importance of active measurement of both laminate fluid pressure 

and resin dissolved oxygen content in high performance infusion manufacturing processes.   

 

Figure 4.10: Plot of void content of laminates at measured resin dissolved oxygen contents and set postfill 

pressures. 
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4.5 Conclusions 

A series of experiments concerning the characteristics of dissolved gasses in epoxy resin have been 

performed to determine optimal processing conditions for producing low void content laminates. 

Studies undertaken included assessing the effectiveness of resin degassing techniques, 

determining the saturation conditions of dissolved oxygen across a range of pressures, measuring 

the absorption rate of oxygen into degassed epoxy, and quantifying the influence of resin dissolved 

oxygen content on laminate void content and compression strength.  

Resin degassing pressure was found to be highly influential on the effectiveness of degassing, with 

pressures under 5mBar recommended to ensure rapid and thorough removal of dissolved gasses. 

Addition of a nucleation agent to resin was found to increase degassing rates in processes with 

degassing pressures greater than 15mBar, while the use of deaerating additives in the resin was 

found to detrimentally impact dissolved oxygen removal.  

The absorption of oxygen back into degassed resin at atmospheric conditions was determined to be 

Fickian in nature, and the diffusion coefficient was derived from experimental data. This allowed 

the development of an absorption model that could be used to accurately assess the useful shelf life 

of degassed resin based on initial dissolved oxygen content and resin depth.  

The saturation point of dissolved oxygen in resin was found to linearly correlate with resin 

pressure, enabling a binary saturation condition to be easily determined based on measurements 

of dissolved oxygen content and pressure. 

The binary saturation condition of the resin during vacuum assisted resin infusion processes was 

found to directly impact void content of the cured laminate. Resin that was oversaturated with 

dissolved gas relative to the set postfill fluid pressure was found to result in average void contents 

ranging from 1-2% across the laminate, being highest at the resin inlet end. Undersaturated resin 

resulted in consistently low void contents, being less than 0.2% across the laminate.   

This work represents the first comprehensive investigation on the effects of dissolved oxygen 

content on void formation in resin infusion processes, covering a wide range of key characteristics 

required to design and develop robust manufacturing processes. It shows that resin dissolved 

oxygen content is a key manufacturing parameter that requires active measurement to ensure low 

void content in high performance infusion manufacturing processes, and highlights the need for 

resin specific dissolved gas measurement equipment to be developed. 
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5  
Influence of Pre-Cure Environmental 

Moisture on Infusion Part Quality 

5.1 Introduction 

Fibre reinforcements, consumables, and resins are all inevitably exposed to atmospheric moisture 

as a part of the vacuum assisted resin infusion manufacturing process. Moisture absorbed by these 

materials during both elongated storage periods and prior to infusion during layup has the 

potential to detrimentally influence the final quality of the laminate and reduce mechanical 

properties. Moisture absorption also has the potential to influence part quality for any process in 

which consumables are exposed to environmental conditions. 

The environmental conditions in which materials and consumables required for composite 

manufacturing are exposed to, both during storage and manufacturing, have been shown to have 

a significant impact on the quality and mechanical performance of the final part [18], [19]. The 

effect of moisture absorption in natural fibres has been studied at length, with the relatively high 

moisture absorption levels leading to significant effects on porosity, stiffness and strength [19], 

[20]. During storage and manufacturing the materials equilibrate with the environmental 
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conditions to which they are exposed. Consumables, textiles and resin systems may absorb or 

desorb moisture present in order to reach an equilibrium saturation level that is dependent on the 

temperature and humidity level of the surrounding atmosphere [21]. In addition to this, thermoset 

and thermoplastic polymers used as composite matrices also absorb/desorb gaseous molecules 

including nitrogen and oxygen. Absorption of such gasses has been shown to be highly influential 

on void formation during the vacuum assisted resin infusion manufacturing process [22]. Due to 

the important role that absorption and desorption of moisture and gasses has on the quality of 

resin infused parts, an improved understanding is required of the influence of the manufacturing 

environment and manufacturing processes on these phenomenon.  

Sorption is a broad term that encompasses a range of physical and chemical phenomenon through 

which molecules penetrate and disperse within a media, resulting in a mixture. These phenomenon 

are highly complex and dependent on a wide range of properties of both the penetrant molecules 

and the host media. The processes by which it occurs includes adsorption, absorption, cluster 

formation and incorporation of molecules into microvoids within the host media [147]. Sorption 

processes involve both chemical and physical interactions between penetrant and host media, and 

such interactions are highly dependent on both temperature and pressure. For this reason sorption 

is most commonly described isothermally, with the amount of sorbate in the sorbent described as 

a function of pressure or concentration at a given temperature. Studies by Wood [21], [41], [148] 

concerning the saturated gas concentration of nitrogen in a non-cured epoxy resin demonstrated 

that the gas solubility was independent of temperature across the measured range. Sorption 

experiments were conducted on epoxy resins between 40°C and 100°C at atmospheric pressure. 

Equilibrium nitrogen gas concentration was found to be constant at 0.0207 kg/m3 ± 20% across the 

temperature range. Additionally, according to the pressure, the resin/nitrogen system behaved as 

an ideal solution following Henry’s law.  

Sorption modes are dependent on the types of systems involved and their interactions, be it 

penetrant – liquid, penetrant – penetrant or liquid – liquid. Physical characteristics of gases 

involved determine the sorption modes, with non-condensable gasses interacting with sorbent 

liquids in a different manner to condensable gasses [21]. A range of analytical and empirical models 

have been developed to predict and model sorption and desorption phenomenon including Henry’s 

Law, Fick’s Law and Diffusion theory. Previous works on materials used for composites 

manufacture have found that while sorption of moisture in cured epoxy can be modelled as Fickian 

in nature at low moisture content levels [146], [149], while at higher moisture contents sorption 

will become non-fickian [150], [151].  

The aim of this study is not to identify the exact modes of sorption phenomena involved in 

atmospheric moisture uptake in textiles, consumables and liquid epoxy resin. Therefore, the 

different phenomenon will not be distinguished, and the terms “sorption” and "absorption" are used 

interchangeably as general terms to describe the uptake of air-molecules into the fabrics or resin. 

When a material or fluid is exposed to a humid environment it will undergo moisture absorption 
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or desorption until hygroscopic equilibrium is reached between the material and the environment. 

The equilibrium point is primarily a function of the water vapor pressure, determined by the 

quantity of vapor present in the atmosphere. Water vapor pressure is expressed in terms of relative 

humidity (RH), which is a parameter stated as the ratio of vapor pressure Ph2o present in the 

atmosphere to the fully saturated vapor pressure Ph2oSat at a given temperature as described by 

[21]:  

 

 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 [%] =

𝑃ℎ2𝑂

𝑃ℎ2𝑜𝑆𝑎𝑡
× 100 5-1 

 

Water uptake within a material or fluid is generally expressed as Moisture Content, which defines 

the volume of water as a ratio of water mass absorbed per dry mass of the material. Even in 

extremely dry climates some level of moisture is always present in the atmosphere, and 

subsequently textiles, consumables and resins always have a non-zero moisture content prior to 

manufacture by vacuum assisted resin infusion.  

Although natural fibres are commonly associated with being detrimentally affected by moisture 

absorption [19], [20], synthetic fibres are not immune to the effects of water. Fibreglass 

reinforcements are prone to degrading autocatalytically if the fibres have alkali ions present at the 

outer surface, with moisture interactions leading to flaw formation and reductions in strength [21]. 

Additionally, moisture can influence the effectiveness of chemical fibre treatments meant to 

facilitate enhanced fibre-matrix bonding, such as sizing. Functional groups in coupling agents are 

vulnerable to hygrothermal attack and subsequent degradation of the interfacial bond strength 

[152]. The presence of moisture on the resin-fibre interface can also lead to degradation, internal 

stresses, and plasticisation resulting in crazing and crack initiation [153]. Moisture contained in 

the fibre reinforcement can lead to manufacturing complications when low levels of vacuum are 

applied to the fibre stack during the resin infusion process. During the vacuum stabilisation stage 

of manufacturing prior to infusion, at low pressures excess water will boil off resulting in the 

formation of significant volumes of water vapor gas. This vaporisation of water can provide the 

impression of ‘false leaks’ in the vacuum chamber, making it difficult to assess the quality of the 

seal around the vacuum chamber. For layups with a large volume or high moisture content, 

considerable vacuum pumping times can be required to fully dry the stack [154].  

Moisture absorption and saturation levels in textiles is highly variable and dependant on material 

properties including structure, surface treatment, and geometrical characteristics. Fibre density, 

porosity, and finishing treatments are all characteristics that have been demonstrated to influence 

moisture content [155]. Fuzek [156] investigated the water absorption and desorption 

characteristics of a range of engineering fabrics including polyesters, nylons, acrylics, modacrylics, 

cellulosics, and polyolefins as well as natural fibres. Moisture contents were studied at 21°C across 

ten humidity levels. At low relative humidity water was observed to bond to fibres via direct 
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hydrogen bonding, while at higher relative humidity levels the increase in water content was found 

to be governed by van der Waals forces present between water molecules and the fibre. All fibre 

types, irrespective of their hydrophilic or hydrophobic nature, were observed to absorb some level 

of moisture from the atmosphere. Additionally, all fibres studied demonstrated a hysteresis in 

moisture content between absorption and desorption: Fabrics that were dried prior to being 

exposed to a set humidity level were observed to contain a lower moisture content than those that 

were saturated at an elevated humidity before being equilibrated at the set humidity level. 

Hydrophilic fabrics were observed to display a larger level of hysteresis than hydrophobic fabrics. 

Water sorption in the studied fabrics occurred primarily through absorption and diffusion 

mechanisms. Water desorption involved evaporation of moisture from the fibre surface, followed 

by diffusion from the bulk of the material to the fibre outer surface and desorption from the fabric. 

Rates of sorption were observed to be significantly higher than rates of desorption. Moisture 

contents of fabrics relevant to this study are summarized in Table 5.1.  

While moisture sorption and desorption in some engineering textiles has been investigated in 

detail, limited studies have focused on the moisture uptake of synthetic fibre reinforcements such 

as glass and carbon fibres, and consumables involved in vacuum infusion processes. Additionally, 

information on the effectiveness of vacuum drying of such textiles and consumables, and the 

desorption processes involved, is not readily available. This presents a gap in the established 

knowledge of significant importance, given that vacuum drying is the primary method of moisture 

removal from textiles prior to the infusion process [154].  

 

Table 5.1: Moisture sorption and desorption for a range of engineering fabrics 

 % Moisture Content 

 Sorption from Dry 
Desorption 

from Saturation 

Humidity 30% 50% 90% 10% 

Polyethylene 0.12 0.34 0.53 0.04 

Polyester 0.12 0.25 0.42 0.09 

Nylon 6 1.78 2.91 5.86 0.79 

Nylon 6,6 1.49 2.70 5.47 0.70 

 

Moisture has been observed to significantly impact the mechanical properties of cured resins, with 

moisture absorption and hygrothermal aging in cured laminates being an important field of study 

for marine composite applications. Interactions between the absorbed moisture and laminate can 

be divided into chemical and physical effects, with chemical affects arising as the result of chemical 

interactions between the penetrating moisture and one or more of the constituent materials in the 

composite [21]. Chemical interactions primarily consist of hydrolyses of polymer bonds in the 
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matrix and the dissolution of water soluble species [157], while further reactions can occur between 

hydrolysed or dissolved products and the resin or curing agent [158]. Physical effects of the 

moisture on the laminate include hygrothermal aging and internal stress generation. Moisture 

penetration into the cured composite can result in plasticisation of the matrix material, and 

subsequent reduction in the glass transition temperature due to the water molecules breaking 

hydrogen bonds, resulting in chain segment rotation [157], [159], [160]. Accumulation of water 

molecules within the matrix polymer can also result in internal stress generation within the 

laminate [161].  

While the influence of moisture sorption on cured epoxy resins has been studied in detail, moisture 

sorption into uncured epoxies and the subsequent effects on cured matrix properties has been for 

the most part overlooked. The limited number of studies that do cover the interactions of moisture 

and uncured resin primarily focus on moisture sorption and desorption processes at atmospheric 

pressure [21], [41]. Investigations of water interactions in uncured prepreg epoxy resins found 

water sorption to be a complicated process involving multiple modes. After sorption water is 

molecularly dispersed within the fluid and bound to resin molecules via hydrogen bonding to -OH, 

-N-, and -O- functional groups present. Diffusion rates of water into the liquid resin were found to 

be functions of both water concentration and temperature, with sorption mass being determined 

via gravimetric methods. Studies of water sorption and desorption across a range of humidities 

observed that moisture sorption occurs faster than desorption, and that resin moisture content 

ranges between 0% - 1% by mass at 20°C [21]. 

The effectiveness of resin moisture removal via vacuum is not established, despite vacuum 

degassing being an integral part of the pre-infusion process. Additionally, no information on the 

influence of pre-cure resin moisture content on mechanical properties could be found by the authors 

in the literature. This presents a gap in the established knowledge of significant importance, given 

that post cure moisture sorption has been well established as being influential on laminate 

mechanical properties. This study focuses on the sorption and desorption of moisture during the 

vacuum assisted resin infusion process, the effectiveness of vacuum moisture removal from textiles 

consumables and resins, and the influence of pre-infusion moisture content on mechanical 

properties. Investigations include: studies on the influence of vacuum pressure and initial moisture 

content on moisture removal in reinforcements and consumables, studies on the influence of 

vacuum pressure and resin depth on moisture removal in uncured epoxy resins, and investigations 

into the influence of pre-infusion moisture content on resin and laminate mechanical properties.   

5.2 Material Details and Layup Properties 

The fibre reinforcement and consumable materials used during this work are listed in Table 5.2. 

These materials represent a typical cross section of reinforcements and consumables used in 

synthetic fibre vacuum resin infusion manufacturing processes.   
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Table 5.2: Reinforcement and consumable material details 

Material Areal Weight [g/m2] Details 

Unidirectional Carbon fibre 330 
SGL ACF non-crimp fabric with sintered 

thermoset binder 

Unidirectional Fibreglass 480 Colan MU 4500 D non-crimp fabric  

Semi-permeable peel ply  144 Diatex PA100 ST MP Microporous Peel Ply 

Peel ply 85 R85PA66-1 porous woven Nylon fabric 

Breather 120 Needle punched non-woven polyester fabric 

Flow media 160 VI160W PE knitted infusion mesh 

Vacuum bagging film - VFHT75G, 75 micron thickness 

 

Gurit Prime 20 LV, a bisphenol-A-(epichlorohydrin) room temperature curing thermoset polymer 

epoxy was selected as the resin for this study, paired with Gurit Prime 20 LV Slow Hardener. This 

system was selected based on intended use in vacuum resin infusion of high performance 

structures. The ratio of resin to hardener was 100-27 by weight. Resin working and mechanical 

properties are listed in Table 5.3.  

 

Table 5.3: Component and mixed resin properties   

 
Density 

[g/cm3] 

Viscosity at 

20° [mPa.s] 

Viscosity at 

25°C [mPa.s] 

Mix Ratio 

by Weight  

Tensile 

Strength [MPa] 

Resin 1.12 1010 - 1070 600 - 640 100 - 

Hardener 0.94 22 - 24 15 – 17 27 - 

Mixed Resin 1.08 308 - 328 214 – 228 - 71.5 

 

 

Figure 5.1: Infusion setup schematic 
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The stack layup utilised for laminate manufacturing via vacuum resin infusion consisted of eight 

layers of Colan MU 4500 D 480g/m2 glass fibre unidirectional non-crimp fabric with 

[+90°/0°/+90°/0°]s fibre orientations. The laminates produced were 350x150mm, with a nominal 

thickness of 3mm. The SCRIMP methodology was utilised for resin infusion. The setup schematic 

for the infusion is detailed in Figure 5.1. All infusions were one dimensional with wetting occurring 

along the stack length.  

5.3 Experimental Program 

5.3.1 Influence of processing conditions on moisture content within textiles 

The water absorption and desorption rates in reinforcements and consumables were investigated 

via gravimetric analysis using a Mettler Toledo analytical balance with an accuracy of 10−4g. 

Moisture absorption samples were conditioned at 22°C in an environmental chamber at three 

different relative humidities: 30%, 50% and 90%. Moisture desorption was achieved via sample 

conditioning in vacuum chambers at three different absolute pressure levels: 5mBar, 15mBar and 

30mBar. The samples were dried prior to each new conditioning cycle in order to avoid any 

potential hysteresis effects. 

5.3.1.1 Absorption 

In order to quantify the influence of environmental humidity on the moisture content of 

reinforcements and consumables, and determine the time frame for saturation to occur, the 

moisture absorption rate for each of the materials was studied across a range of humidities. 

Moisture absorption rates were measured at 30%, 50%, and 90% relative humidity at 22°C with 

each test batch consisting of five 100x100mm samples of a single material. Prior to each test all 

fabrics, with the exception of the flow media which was observed to undergo significant shrinkage 

at temperatures higher than 70°C, were dried in a vacuum oven at 105°C and 200mBar absolute 

pressure for four hours to remove any latent moisture. Flow media was vacuum dried at 70°C and 

200mBar for five hours. These drying periods were determined by the tracking of sample weights, 

with all moisture considered to be removed once the sample weight plateaued. Sample dry weight 

was measured immediately after removal from the vacuum oven in order to minimise moisture 

gain due to exposure to atmospheric conditions. Samples were then placed into environmental 

chambers at 22°C and relative humidities of 30%, 50% and 90%. Specimen weights were measured 

after 1 hour, 3 hours, 6 hours, 24 hours and 168 hours of conditioning. In order to take 

measurements the samples had to be removed from the chamber and weighed at atmospheric 

conditions. Total exposure time to atmospheric conditions was limited to one minute to minimise 

the influence on moisture absorption. The sample moisture content which represents the weight 

gain due to moisture absorption as a percentage of sample dry weight, was calculated at each 

measurement point via Equation 5-2, where Wt and Wd represent sample saturated weight and dry 

weight respectively.  
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𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 [%] =

𝑊𝑡 − 𝑊𝑑

𝑊𝑑

× 100 5-2 

5.3.1.2 Desorption 

The influence of initial moisture saturation and vacuum degassing pressure level were investigated 

to determine their effect on moisture removal rates from fibre reinforcements and infusion 

consumables. Moisture removal rates at 5mBar, 15mBar and 30mBar were measured for samples 

saturated at 50%, and 90% relative humidity at 22°C. Each test batch consisted of five 100x100mm 

specimens containing five layers of material. During the absorption tests it was noted that samples 

consisting of a single layer of certain fabrics was affecting the accuracy of measurements, as small 

variations in weight due to minor material losses caused by sample handling and edge fraying 

corresponded to significant variance in measured water absorption.  

Specimens were vacuum dried at 105°C and 200mbar for four hours, with the exception of flow 

media, which was dried at 70°C for five hours. Sample dry weight was measured immediately after 

removal from the vacuum oven in order to minimise moisture gain due to exposure to atmospheric 

conditions. The samples were then conditioned within an environmental chamber at 22°C and 50% 

or 90% relative humidity for a period of 24 hours. The weight of the conditioned samples was then 

measured, with this weight being used to determine the initial moisture content. Samples were 

then placed into vacuum chambers at 5mBar, 15mBar and 30mBar absolute pressure with weight 

being measured after 0.5 hours, 1 hour, 3 hours, 6 hours and 24 hours of vacuum drying. In order 

to take measurements the samples had to be removed from the chamber and weighed at 

atmospheric conditions. Total exposure time to atmospheric conditions was limited to one minute 

to minimise the influence on moisture absorption. The moisture content of specimens at each point 

was calculated as described in Equation 5-2. 

5.3.2 Influence of Relative Humidity on Moisture Content within Uncured Epoxy Resins 

The water absorption and desorption rates in resin components was investigated via gravimetric 

analysis using a Mettler Toledo analytical balance. For moisture absorption tests resin samples 

were conditioned at 22°C in an environmental chamber at three different relative humidities: 30%, 

50% and 90%. Moisture desorption was achieved via sample conditioning in vacuum chambers at 

three different absolute pressure levels: 5mBar, 15mBar and 50mBar.  

5.3.2.1 Absorption 

In order to quantify the influence of environmental humidity on the moisture content of resin 

components, and determine the time frame for saturation to occur, the moisture absorption rate 

for epoxy resin was studied across a range of humidities. Initially the aim was to investigate water 

absorption rates in both liquid epoxy resin and in liquid hardener separately. However, initial tests 

revealed that when the liquid hardener was exposed to atmosphere it quickly developed crystalline 

particles. It has previously been observed that some hardeners are sensitive to moisture and form 
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a crystalline structure when exposed to atmosphere for extended periods [137]. As it was not 

possible to prevent air exposure during these tests, the absorption and desorption of water within 

the hardener could not be determined.  

Resin moisture absorption rates were measured at 30%, 50%, and 90% relative humidity at 22°C. 

Two tests were undertaken at each humidity level, each consisting of five samples containing 30g 

and 70g of epoxy without hardener in identical virgin polypropylene containers. These resin 

weights correlated to fluid depths of 11mm and 26mm respectively. The surface area of exposure 

of the resin to atmosphere was kept constant through the use of identical containers across all 

tests. Prior to conditioning all sample containers were dried in a vacuum oven at 60°C and 

200mBar absolute pressure for 24 hours to remove any latent moisture. Container dry weight was 

measured immediately after removal from the vacuum oven in order to minimise moisture gain 

due to exposure to atmospheric conditions. Resin was added to the vessels, which then underwent 

the same vacuum drying process. Following this the sample dry weight was determined. The dried 

specimens were then placed into environmental chambers at 22°C and 30%, 50% and 90% relative 

humidity. Sample weight was measured after 1 hour, 3 hours, 6 hours, 24 hours, and 168 hours of 

conditioning, with measurements thereafter continuing until saturation was achieved. In parallel 

to these tests, empty containers underwent the same conditioning as the resin specimens to 

evaluate the degree of moisture gain or loss from the resin samples that was attributable to the 

container. As the containers were sensitive to environmental humidity changes, it was necessary 

to distinguish the water absorption in the resin from the water absorption in the container. 

The resin moisture content which represents the weight gain due to moisture absorption as a 

percentage of sample dry weight was calculated at each measurement point via Equations 5-3, 5-4, 

and 5-5, where WDryResin, WDrySample, WDrySampleContainer, WMoistureContainert, WReferenceContainert, 

WDryReferenceContainer, and WSamplet represent the dry weight of the resin, the dry weight of the sample, 

the dry weight of the sample container, the weight of moisture in the reference containers at time 

t, the weight of the reference container at time t, the dry weight of the reference container, and the 

weight of the sample at time t. 

 

 𝑊𝐷𝑟𝑦𝑅𝑒𝑠𝑖𝑛 = 𝑊𝐷𝑟𝑦𝑆𝑎𝑚𝑝𝑙𝑒 − 𝑊𝐷𝑟𝑦𝑆𝑎𝑚𝑝𝑙𝑒𝐶𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 5-3 

 𝑊𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒𝐶𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟
𝑡 = 𝑊𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝐶𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟

𝑡 − 𝑊𝐷𝑟𝑦𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝐶𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 5-4 

 
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 [%] =

𝑊𝑆𝑎𝑚𝑝𝑙𝑒
𝑡 − 𝑊𝐷𝑟𝑦𝑆𝑎𝑚𝑝𝑙𝑒 − 𝑊𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒𝐶𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟

𝑡

𝑊𝐷𝑟𝑦𝑅𝑒𝑠𝑖𝑛
× 100 5-5 

5.3.2.2 Desorption 

The influence of resin depth and vacuum degassing pressure level were investigated to determine 

their effect on moisture removal rates from epoxy resins. Moisture removal rates at 5mBar, 

10mBar, 15mBar and 50mBar were measured for samples containing 30g, 45g, and 60g of epoxy 

without hardener in identical virgin polypropylene containers, correlated to fluid depths of 12mm, 

18mm, and 24mm. Each test consisted of ten samples conditioned to saturation at 95% relative 
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humidity at 22°C. The surface area of exposure of the resin to atmosphere was kept constant 

through the use of identical containers across all tests. 

The resin samples and containers underwent the same drying process detailed in the resin 

moisture absorption test series. Containers and resin were then separately placed into an 

environmental chamber at 22°C and 90% relative humidity for a period of one week. The resin was 

conditioned in a large flat tray to limit fluid depth to 5mm to ensure saturation would occur, in 

accordance with the moisture absorption characteristics observed in Section 5.4.2.1. After 

conditioning, samples were weighed to determine their humid weight and initial moisture content. 

Following this, samples were placed into vacuum chambers at 5mBar, 10mBar, 15mBar and 

50mBar absolute pressure. Sample weight was measured after 1 hour, 3 hours, 6 hours, then 1, 2, 

3, 4, and 7 days of vacuum drying. Due to the rapid moisture desorption observed at pressures of 

5mBar and 10mBar, these tests were repeated with measurement intervals of two minutes for a 

total vacuum drying period of 16 minutes. As in the absorption tests, empty containers underwent 

the same conditioning as the resin specimens to isolate the degree of moisture gain or loss from 

the resin samples that was attributable to the container. The resin moisture was calculated at each 

measurement point via Equations 5-3, 5-4, and 5-5. 

5.3.3 Influence of Moisture on Laminate Mechanical Properties 

A series of identical fibreglass laminates were infused utilising layups and resin conditioned at 

varying humidity levels to determine the influence of moisture on bubble formation, subsequent 

void content, and final laminate mechanical properties. A short release fabric break length of 10mm 

was used at the outlet end of the panel. This provided a path of low resistance for excess resin to 

be drained from the part after wetout, and allowed laminate fluid pressure to decrease rapidly 

during the post-fill stage of the infusion. Through this mechanism the laminate fluid pressure at 

cure could be accurately controlled via the vacuum level applied to the outlet of the part during the 

post-fill stage, and reduce any potential influence of laminate fluid pressure on void formation [39], 

[162], [163].   

Four sets of panels were manufactured in environmental conditions of 22°C and 30%, 50%, 70% 

and 90% relative humidity respectively, all experimentation being completed within a room sized 

environmental chamber. Prior to infusion the consumables, laminate and epoxy resin, excluding 

hardener, were conditioned within this environmental chamber for a period of 48 hours. During 

conditioning resin depth was set to 5mm, based on data collected from the resin moisture 

absorption tests, to ensure moisture saturation was achieved across all humidity levels.  The 

layup was then sealed under a flexible chamber and a vacuum of 15mBar absolute pressure was 

applied to the dry fibre stack for one hour. For each infusion 250g of resin and 65g of hardener 

were degassed separately at 15mbar for 30 minutes, combined, and the mixed resin then degassed 

for a further 10 minutes. At the completion of degassing the dissolved oxygen content of the mixed 

resin was measured via an Atlas Scientific Dissolved Oxygen Probe to ensure that dissolved gas 
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content was consistent between samples. Large variations in dissolved gas in resin has been 

demonstrated to result in significant changes to void content in vacuum assisted resin infusion 

processes [22]. In all tests the total elapsed time from resin mixing to infusion was kept constant 

at 25 minutes. This prevented differing stages of resin cure progression influencing the infusion 

process. The laminate was then infused with resin at a vacuum of 15mBar absolute pressure. Once 

total laminate wetout was achieved the resin inlet was closed and a post-fill pressure of 200mBar 

absolute was applied at the outlet. Resin curing took place at room conditions for 24 hours. 

Following demoulding, laminates were post-cured at 80°C for 10 hours to ensure complete cure of 

the resin was achieved. 

Measurements were undertaken on the series of panels to determine void content and laminate 

compression strength. Five 25 x 25 mm samples were used to estimate the average void content at 

the inlet and outlet of the panels manufactured through microscopy. The samples were encased in 

West Systems 105 epoxy and polished on a Buehler Ecomet 300 polishing machine up to P3000 

grit. The polished surface of the sample was then photographed in 14 sections using a Nikon SMZ18 

microscope, capturing the entire sample width and height. The individual images were then 

stitched into a single full field image using the software package AutoStitch. ImageJ image 

processing software was used to manually designate voids through user based boundary selection. 

These images were then processed via a Matlab script that binarized the images into void and non-

void areas. The ratio of void area to total cross sectional area was used to estimate void fraction at 

the inlet and outlet ends of each panel. Combined loading compression tests were undertaken on 

the panels in accordance with ASTM D6641 to assess the influence of humidity on laminate 

compressive strength. Six samples were tested from the inlet of each panel. Test specimens had a 

standard width of 13 mm, a length of 140 mm, and a nominal thickness of 3 mm. 

5.3.4 Influence of Moisture on Resin Mechanical Properties 

A series of identical pure epoxy specimens were manufactured from resin conditioned at varying 

humidity levels to determine the influence of moisture on resin mechanical properties in the 

vacuum assisted resin infusion process. Samples had the dimensions defined in ASTM D638 – Type 

1, with a nominal thickness of 3mm.  

Three sets of samples were manufactured in environmental conditions of 22°C and 30%, 50%, and 

90% relative humidity respectively. Prior to manufacture the silicone mould and epoxy resin, 

excluding hardener, were conditioned in an environmentally controlled chamber at the respective 

humidity for a period of 48 hours. During conditioning resin depth was set to 5mm to ensure 

moisture saturation was achieved across all humidity levels. Following conditioning the resin was 

mixed with hardener and degassed at 15mBar absolute pressure in a vacuum chamber for five 

minutes to remove bubbles. The resin was then poured into the silicone mould and placed into the 

environmental chamber. Resin curing took place under the same environmental conditions as for 

manufacture, for 24 hours. Following demoulding, specimens were post-cured at 80°C for 10 hours 
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to ensure complete cure of the resin was achieved. Tensile tests were undertaken on the specimens 

in accordance with ASTM D638 to assess the influence of humidity on resin tensile strength. A 

total of eight samples were tested at each humidity level. 

5.4 Results 

5.4.1 Influence of Relative Humidity on Moisture Content within Infusion Materials 

5.4.1.1 Absorption 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 5.2: Moisture absorption for materials at a) 30% relative humidity, b) 50% relative humidity, c) 90% 

relative humidity, and d) after one week of exposure. 

Plots showing the moisture absorption of materials against exposure time at 30%, 50%, and 90% 

relative humidity can be found in Figure 5.2a, b, and c, with final steady state moisture content 

after one week of exposure shown in Figure 5.2d. Humidity appears to influence saturation time, 

with higher levels of atmospheric moisture resulting in shorter exposure durations required to 

reach steady state moisture content in the materials. From the data it can be observed that 
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saturation occurs in all materials at all measured humidity levels within 24 hours of exposure, 

with recorded moisture contents reaching 95% of the steady state week long exposure value. 

Vacuum bag required the longest period to reach saturation, requiring between 6 and 24 hours of 

exposure across all humidities, with higher humidity levels resulting in higher moisture saturation 

levels. This can be attributed to its comparatively high moisture absorption levels, which is a 

function of the material utilising atmospheric moisture as a plasticizer [164] . Micro-porous peel 

ply (MP) was measured to reach saturation within 3 to 24 hours, again with higher humidity levels 

resulting in higher moisture saturation levels. Moisture absorption and saturation in the other 

materials were more difficult to quantify. Although average moisture contents increase with 

exposure time and humidity level, large coefficients of variation combined with low moisture 

absorption levels make determining saturation times with any statistical significance difficult. 

The equilibrium moisture content of fibres after one week of conditioning is compared in Figure 

5.2d. All materials with statistically significant differences between measurements show an 

approximately linear relationship between moisture content and humidity level. Vacuum bag 

reached the highest moisture contents at each humidity level with 7.7%±0.06, 3.6%±0.03 and 

2.40%±0.03 moisture content at 90%, 50% and 30% relative humidity respectively. The second 

highest absorption was observed in peel ply MP with 4.0%±0.16, 2.3%±0.09 and 1.1%±0.15 at 

saturation. Breather and nylon peel ply both absorbed significantly lower levels of moisture, while 

the moisture levels in flow media were statistically insignificant. Fiberglass was measured to 

absorb small but statistically significant quantities of water, with moisture content reaching 

saturation at 0.04% moisture content after one hour of conditioning, irrespective of humidity level. 

Previous studies [165] have reported glass fibres absorbing between 0 and 1% of moisture, with 

moisture absorption varying according to the fibre treatments and manufacturing of the material. 

Carbon fibre absorbed a higher quantity of water than fiberglass, with 0.14%±0.01, 0.11%±0.01 

and 0.09%±0.01 moisture content at 90%, 50% and 30% relative humidity respectively.  

Although all fabrics were observed to absorb some level of moisture, large coefficients of variation 

were present in materials with very low saturated moisture contents and fabrics that were prone 

to fraying. Despite all appropriate measures being taken to mitigate external influences, due to 

the small size of the weight gain due to moisture absorption, any loss or gain in fabric resulting 

from the handling of the samples lead to high levels of variance between these samples.  
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5.4.1.2 Desorption 

 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 5.3: Moisture desorption for materials a) saturated at 90% relative humidity and conditioned at 

30mBar, b) saturated at 50% relative humidity and conditioned at 30mBar, c) saturated at 90% relative 

humidity and conditioned at 5mBar, d) saturated at 50% relative humidity and conditioned at 5mBar. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 5.4: Moisture desorption following saturation at 90%RH at various vacuum pressures for a) Vacuum 

bag, b) Peel ply MP, c) Fibreglass, d) Breather, e) Carbon fibre, end f) Nylon peel ply. 
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Figure 5.5: Material steady state moisture content after 24 hours of exposure to vacuums of 30, 15, and 5 

mBar after saturation at 50% and 90% relative humidity. 

Plots showing the moisture content of materials exposed to a vacuum of 30 mBar and 5mBar after 

being conditioned at 90% and 50% relative humidity can be found in Figure 5.3a, b, c and d, with 

final steady state moisture content after 24 hours of exposure to vacuums of 30, 15, and 5 mBar 

shown in Figure 5.5. The initial moisture content at time zero corresponds to the measured value 

after 24 hours of conditioning in the environmental chamber.  

The influence of vacuum level on moisture desorption rate is dependent on the material type, as 

shown in Figure 5.4a-f. For vacuum bag, microporous peel ply, and nylon peel ply a decrease in 

vacuum pressure results in an increase in moisture desorption rate. For vacuum bag conditioned 

at 90% humidity a decrease in vacuum level from 30 mBar to 5 mBar results in an 11%, 28% and 

40% lower moisture content after one, three and six hours respectively. For microporous peel ply 

the same reduction in vacuum level results in an 38%, 46% and 57% lower moisture content after 

one, three and six hours. For nylon peel ply the same reduction in vacuum level results in a 35% 

and 23% lower moisture content after six and twenty four hours. However, the significance of the 

measured differences in nylon peel ply is questionable, with ANOVA tests returning a p-value of 

0.09. For all other materials investigated no statistically significant difference in moisture 

desorption was observed between vacuum levels. 

The duration of vacuum exposure required to achieve steady state moisture content varied 

significantly between materials. Vacuum bag and microporous peel ply were both observed to 

require in excess of 24 hours to reach equilibrium, with remaining moisture at this point being 

dependent on vacuum level. For all other materials investigated the equilibrium moisture content 
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was reached after three hours of vacuum exposure, irrespective of vacuum level, with no 

statistically significant decrease in moisture content occurring after this point. 

Factors influencing steady state moisture content were observed as being dependant on material 

type. For vacuum bag and microporous peel ply, moisture content was only influenced by vacuum 

level at pressures at or above 15 mBar, with no statistically significant difference in moisture 

content between samples conditioned at 90% and 50% humidity. At 5 mBar however, a significant 

difference in moisture content appears depending on conditioning humidity, with samples 

conditioned at 50% relative humidity having a moisture content 56% and 63% lower than those 

conditioned at 90% relative humidity for vacuum bag and microporous peel ply respectively. This 

behaviour of steady state material moisture content being influenced by conditioned humidity and 

not vacuum level was observed in breather and nylon peel ply. Breather was measured as having 

no significant difference in moisture content between vacuum levels, and having a steady state 

moisture content 43% lower at 50% humidity conditioning than at 90%. Nylon peel ply was also 

measured as having no significant difference in moisture content between vacuum levels, and 

having a steady state moisture content 86% lower at 50% humidity conditioning than at 90%. For 

fibreglass and carbon fibre the behaviour of steady state material moisture content being 

influenced by conditioned humidity and not vacuum level was also observed. Samples conditioned 

at 50% relative humidity have a moisture content 32% and 30% lower than those conditioned at 

90% relative humidity for fibreglass and carbon fibre respectively. However, the low steady state 

moisture contents lead to high coefficients of variation, due to the accuracy of the measurement 

process and low weight of moisture being measured, which affects the ability to conclude a 

statistically significant difference exists between humidity levels. For flow media no difference in 

moisture content was measured between conditioning humidity levels or vacuum pressure.  

The presented results show that humidity level that materials are exposed to prior to infusion is 

the key factor influencing retained moisture. Although applying a vacuum to the layup will 

significantly reduce water content, a certain amount of latent moisture will still remain, 

determined by the initial moisture content of the material. It can be concluded that in the infusion 

process pre-conditioning of the reinforcements and consumables is required to minimise water 

content. A vacuum level of 30 mBar or less must be applied for a minimum of three hours on the 

dry preform prior to infusion to ensure the evacuation of water molecules from the studied 

reinforcements. In addition, elevated temperatures are required to return the consumables and 

reinforcing fibres to a completely dry state. At room temperatures vacuum levels higher than 30 

mBar are unlikely to facilitate significant moisture removal, due to the boiling point of water not 

being reached. The relatively small scale of the samples in this study should be taken into 

consideration, and infusions on significantly larger scales may require substantially longer periods 

of vacuum application to reach moisture equilibrium. 
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5.4.1.3 Theoretical Water Sorption in a Dry Laminate Material 

 

 

Figure 5.6: Theoretical water content per square meter of laminate after exposure to saturation at 90% and 

50% humidity, and latent water content following 24 hours of degassing at 5mBar absolute pressure. 

Figure 5.6 shows the water content per square meter of a theoretical laminate after exposure to 

saturation at 90% and 50% humidity, and the latent water content following 24 hours of degassing 

at 5mBar absolute pressure. The theoretical laminate is composed of 8 layers of the studied carbon 

fibre reinforcement, one layer of nylon peel ply, flow media, microporous peel ply, breather and 

finally one layer of vacuum bag. Moisture weights are calculated based on 1m2 per layer for all 

materials, with the exception of vacuum bag which is based on 1.4m2 due to the addition area 

required to seal the laminate.  

After conditioning, consumables contain the majority of the laminates moisture, accounting for 

76% and 79% of total water content in the layup at 90% and 50% relative humidity respectively, 

despite representing only 20% of the total mass. The layup conditioned at 90% relative humidity 

contains 50% more water than that conditioned at 50% relative humidity. Following 24 hours of 

degassing at 5mBar the mass of water in consumables is predicted to decrease by 93% and 94%, 

while the decrease of moisture in carbon fibre is only 73% and 58% for layups conditioned at 90% 

and 50% humidity respectively. Subsequently, after drying the reinforcement fibres contain 

approximately 55% and 66% of the remaining moisture at 90% and 50% humidity, a figure which 

will increase with increasing laminate thickness. This highlights the importance of reducing fibre 

moisture content prior to infusion, either through atmospherically controlled storage conditions to 

prevent moisture uptake or elevated temperature drying of fibres prior to layup in order to achieve 

a completely dry laminate. In either case environmental control of the workstation is required to 

prevent moisture absorption during layup.    
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5.4.2 Influence of Relative Humidity on Moisture Content within Uncured Epoxy Resin 

5.4.2.1 Absorption 

a) 

 

b) 

 

Figure 5.7: Moisture content of resin when conditioned at 30%, 50% and 90% relative humidity for resin 

depths of a)12mm, and b) 26mm.  

a) 

 

b) 

 

Figure 5.8: Plots of measured correlation between relative humidity and a) resin moisture content at 

saturation, b) measured moisture diffusion coefficient. 

a) 

 

b) 

 

Figure 5.9: Calculated moisture diffusion coefficient for resin depths of 12mm and 26mm at a) 90% relative 

humidity and b) 50% relative humidity 
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a) 

 

b) 

 

Figure 5.10: Modelled moisture fickian moisture absorption with measured data superimposed at resins 

depths of a) 12mm, and b) 26mm. 
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Figure 5.7a and b show the average measured moisture content of resin when conditioned at 30%, 

50% and 90% relative humidity for resin depths of 12mm and 26mm respectively. Samples with a 

resin depth of 12mm were conditioned until saturation occurred, allowing the equilibrium moisture 

content of the resin at each humidity level to be determined. Conditioning of samples with a resin 

depth of 26mm was ceased simultaneously, due to the excessive duration required to reach 

saturation. Absorption rate across all samples was observed to be slow, with an inverse relationship 

between humidity level and saturation time. For a resin depth of 12mm saturation at 30%, 50%, 

and 90% humidity required 13, 16, and 28 days of conditioning respectively.  
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Figure 5.8a shows the relationship between equilibrium moisture content and relative humidity at 

room temperature. A strong linear relationship is observed, described in Equation 5-6, where H2O 

and H represent saturated dissolved moisture content as a percentage of resin mass, and relative 

humidity respectively. From this relationship the saturation moisture content of resin can be 

determined across all humidity levels. The linear nature of the relationship between dissolved 

moisture and relative humidity is in agreement with Henry’s law, which states that at a constant 

temperature, the amount of a given gas dissolved in a given type and volume of liquid is directly 

proportional to the partial pressure of that gas in equilibrium with that liquid. This is described in 

Equation 5-7, where p, kH and c represent partial pressure of the solute above the fluid, Henry’s 

law constant (which is dependent on the solute being considered), and solute concentration in 

solution. The slight non-zero intercept of the measured relationship is in disagreement with 

Henry’s law, which implies that resin moisture tends to zero as moisture content in air approaches 

zero. This suggests a small constant offset error is present in the measurements taken.  

In order to determine the moisture uptake of resin across a range of conditions, a Fickian 

absorption model was applied to the measured data. This was to enable moisture absorption to be 

modelled for varying resin depths across a range of humidity levels, allowing moisture content to 

be accurately predicted from resin depth and duration of exposure to known atmospheric 

conditions. The model used was taken from Eftekhari’s [146] work on moisture absorption in cured 

thermoplastics, and is described in Equations 5-9 and 5-10. Here Mt, Mm, D, t and h represent 

dissolved moisture concentration at time t, dissolved moisture concentration at saturation for the 

specified humidity, diffusion coefficient, time, and resin depth respectively. Equation 5-9 describes 

the model behaviour up until the critical time period, determined by Equation 5-11, with Equation 

5-10 describing model behaviour after this point. From the measured data, the moisture diffusion 

coefficient D was derived using Equations 5-12 and 5-13, rearrangements of Equation 5-9 and 5-10 

respectively. For each data point from the absorption studies, D and tcritical were calculated via 

either Equation 5-12 or 5-13, dependant on whether t was less than or greater than tcritical. The 

calculated diffusion coefficients for both resin depths conditioned at 90% and 50% humidity can be 

found in Figure 5.9a and b respectively.  

Across all resin depths and humidity levels the moisture diffusion coefficient was observed to vary 

substantially between data points during the initial high measurement frequency period, trending 

towards a steady state as measurement intervals increased. This indicated that the initial regular 

weighing of samples was influencing the absorption rate of moisture. Due to this influence of the 

measurement process on initial absorption rates, values of D derived from data points prior to 48 

hours of conditioning are regarded as inaccurate. The calculated diffusion coefficient is observed 

to tend towards a steady state in the low measurement frequency period from 48 hours of 

conditioning onward, with the 12mm and 26mm resin depth datasets being in close agreement. 

The overall moisture diffusion coefficient for each humidity level was calculated using the average 

of the low measurement frequency data points from the 12mm and 26mm resin depth series. The 
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relationship between average moisture diffusion coefficient and humidity is shown in Figure 5.8b. 

An inverse linear relationship is observed, described in Equation 5-8. From this relationship the 

resin moisture diffusion coefficient of resin can be estimated for other unmeasured humidity levels. 

Figure 5.10a and b show the modelled moisture absorption curves based on the diffusion coefficient 

derived from the 30%, 50% and 90% humidity sets for resin depths of 12mm and 26mm respectively, 

with the recorded data points superimposed. The modelled curves are in good agreement with the 

measured data across all conditions. This demonstrates that a Fickian absorption model can be 

used to accurately predict the absorption of moisture into uncured epoxy resins, and assess the 

shelf life of resin with moisture removed.  

 

5.4.2.2 Desorption 

Plots showing the moisture content of resin exposed to vacuum pressures of 5, 10, 15, and 50 mBar 

for resin depths of 12mm, 18mm and 24mm can be found in Figure 5.11a, b, c, and d respectively. 

All samples have an initial moisture content of ~0.55%. Key results from the investigation on the 

effect of degassing pressure on moisture removal are summarised in Table 5.4, detailing the 

equilibrium moisture content, decay constant of the exponential decay curve fitted to each data set, 

and the calculated degassing period required to remove 95% of the initial moisture content.  

At vacuum levels above 10mBar resin moisture content is observed to decay exponentially with 

time until the equilibrium moisture content is reached. At this point the measured moisture 

content diverges from following an exponential decay, remaining constant with time. Equation 5-14 

describes this decay, where H2O(t), H2Oinitial, t, and β represent moisture content at time t, initial 

moisture content, time, and the exponential decay constant respectively. Exponential decay curves 

are shown in Figure 5.11a and b, overlaid against the data points from which they were derived. 

Vacuum levels at or below 10mBar result in resin moisture content decreasing so rapidly that an 

exponential decay cannot be observed. Due to physical limitations of the experimental setup, 

vacuum exposure time could not be reduced to facilitate the measurement frequency required. 

Subsequently, exponential decay constants have been approximated using the measured moisture 

content at the first measurement point. For both conditions above and below 10mBar, equilibrium 

moisture content is observed to be constant with vacuum pressure and resin depth, with all 

samples reaching a steady state moisture content of ~0.02%. This behaviour is consistent with 

previous studies concerning moisture sorption and desorption from cured epoxy resins, where 

moisture desorption at room temperature resulted in a low latent moisture content that could not 

be removed without the addition of heat [150], [166]. 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 5.11: Plots showing moisture content of resin exposed to vacuum pressures of a) 50 mBar, b) 15mBar, 

c) 10mBar, and d) 5mBar for resin depths of 12mm, 18mm and 24mm. 

a) 

 

b) 

 

Figure 5.12: Plots of vacuum pressure effect on moisture removal rates for samples with a resin depth of a) 

12mm, and b) 24mm. 
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Degassing pressure is observed to have a profound impact on the moisture removal rate, which can 

be observed in the significant increase in exponential decay constant with decreasing vacuum 

pressure and reduction in equilibrium time. Degassing times required to reach the equilibrium 

moisture content of 0.02% were calculated from the observed exponential decays, described in 

Equation 5-15. The relationship between moisture removal rate and vacuum pressure was 

observed to be highly non-linear, with a significant increase occurring at 10mBar. Figure 5.12a and 

b detail the moisture removal rates for samples with a resin depth of 12mm and 24mm. It can be 

seen that for samples degassed at 5 and 10mBar moisture removal occurs almost instantaneously, 

while samples degassed at 15 and 50mBar required a week to reach equilibrium. At higher 

pressures moisture removal rates increase gradually with decreasing pressure, with an increase 

in decay constant of ~15% when pressure was reduced from 50 to 15mBar for samples with a 12mm 

resin depth. A critical change occurs between 15 and 10mBar, where moisture removal rates 

increase by many orders of magnitude, with an increase in decay constant of over 300,000%. At 

pressures below 10mBar further decrease in pressure is not observed to significantly impact 

moisture removal rates, with average decay constants increasing by only 5% between 10mBar and 

5mBar.   

When removing moisture at pressures below the critical 10-15mBar transition point, large 

standard deviations in sample moisture content are observed during the initial stages, as seen in 

Figure 5.11c and d. This is caused by inconsistencies in moisture removal between individual 

samples. All samples contained resin conditioned in the same batch, and were degassed together 

in identical containers. While the majority of samples immediately experienced high moisture 

removal rates, a small number did not. This can be observed in Figure 5.13 which contrasts the 

average moisture content of samples degassed at 10mBar with a resin depth of 12mm with an 

individual outlier sample. While the average sample moisture content decreases to the equilibrium 

value by the first measurement point, the outlier sample is observed to undergo a gradual decrease 

in moisture content until a specific point where moisture content drops to equilibrium. This 

behaviour was observed across all resin depths for samples degassed at 5 and 10mBar, with all 

outlier samples decreasing to equilibrium moisture content after a period of four hours. Reasons 

for the inconsistent moisture removal are not immediately clear. It can be theorised that differences 

in bubble nucleation are a potential cause. Bubble formation within the resin is required for rapid 

degassing to occur. Nucleation requires significantly lower energy levels when undergoing pseudo-

classical or non-classical nucleation than homogenous or classical nucleation [132]. However, these 

can only occur when specific nucleation sites with entrapped air bubbles are present. It is possible 

that the outlier samples lacked a significant number of locations for pseudo and non-classical 

nucleation to initially occur, and underwent lower rates of moisture removal until bubbles could 

form [21], [132], [133]. The addition of a proven nucleation agent, such as Scotch Brite [33], could 

reduce the inconsistency in moisture removal rates between samples.  
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Figure 5.13: Plot contrasting average moisture content of samples degassed at 10mBar with a resin depth of 

12mm with an individual outlier sample 

a) 

 

b) 

 

Figure 5.14: Plots of relationship between resin depth and decay constant at pressures a) above, and b) 

below the desorption transition point. 

The relationship between moisture removal rate and resin depth was also observed to be highly 

dependent on resin pressure, with a significant change in the relationship occurring at the 15-

10mBar transition point. Figure 5.14a and b show the relationship between resin depth and decay 

constant at pressures above and below the transition point respectively. At pressures above the 

transition an inverse relationship between moisture removal rate and resin depth is observed, with 

a decrease in decay constant of ~49% and ~40% when resin depth was increased from 12 to 24mm 

at 15mBar and 50mBar respectively. At pressures below the transition resin point depth is not 

observed to significantly impact moisture removal rates, with no clear relationship being 

established.   
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Table 5.4; Summary of results from resin moisture desorption tests 

Resin 

Depth 

Vacuum 

Pressure 

Equilibrium 

Moisture Content 

Exponential 

decay constant 

95% Moisture 

Removal Time (h) 

12mm  5 mBar 0.02% 81 0.03 

 10 mBar 0.02% 101 0.02 

 15 mBar 0.02% 0.031 77 

 50 mBar 0.03% 0.027 91 

18mm  5 mBar 0.01% 80 0.03 

 10 mBar 0.03% 76 0.03 

 15 mBar 0.02% 0.022 109 

 50 mBar 0.02% 0.020 122 

24mm  5 mBar 0.03% 110 0.02 

 10 mBar 0.03% 80 0.03 

 15 mBar 0.04% 0.016 155 

 50 mBar 0.02% 0.016 159 

 

 𝐻2𝑂(𝑡) = 𝐻2𝑂𝑖𝑛𝑖𝑡𝑖𝑎𝑙 . 𝑒−𝛽.𝑡 5-14 

 

𝑡(0.02%) = −
ln [

0.02
𝐻2𝑂𝑖𝑛𝑖𝑡𝑖𝑎𝑙

]

𝛽
 5-15 

 

The presented results show that both vacuum pressure and resin depth are key factors influencing 

moisture removal rates from epoxy resins. To facilitate effective moisture removal from resin, 

degassing should occur at pressures below the 10-15mBar transition point. When such pressures 

are not achievable resin depth should be minimised, although under these conditions moisture 

removal rates are still reduced by many orders of magnitude. Though applying a vacuum to resin 

will significantly reduce its water content, a latent moisture content of ~0.02% will still remain, 

irrespective of the vacuum pressure and vacuum exposure time. Elevated temperatures in 

combination with vacuum degassing are required to return epoxy resin to a completely dry state. 

The addition of a nucleation agent such as Scotch Brite could also be beneficial to improving the 

consistency of moisture removal rates at pressures below 10mBar. Due to the highly non-linear 

behaviours observed, a significantly larger data set would be required to determine an accurate 

relationship between moisture content, degassing pressure, resin depth, and degassing time. 

Subsequently, the development of an analytical model to describe this has not been attempted here.  
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5.4.3 Influence of Moisture on Laminate Mechanical Properties 

5.4.3.1 Void Content 

Resin and laminate moisture content was not observed to have any influence on laminate void 

content. Conditioned laminates were infused with resin conditioned to saturation at 25%, 50%, 

70% and 90% relative humidity with moisture contents of 0.11%, 0.23%, 0.35% and 0.46% 

respectively. In all cases samples were found to have extremely low void contents (<0.2%) at both 

the inlet and outlet ends. Figure 5.15a and b show cross sections from the inlet ends of 30% and 

90% humidity samples respectively, and are representative of the laminate cross sections at both 

ends of all the tested specimens. It should be noted that that the elongated dark regions in the 

tows running parallel to the cross section are the result of fibres breaking during the polishing 

processes, and are not voids. 

No substantial void formation in either intra-tow or inter-tow regions was observed at either end 

of any of the samples. The consistently low void content can be explained by the relationship 

between vacuum pressure and water boiling point. At room temperature, 22°C, at which all 

infusions were completed, water boils at 25mBar absolute pressure. During the filling stage of the 

resin infusion process resin at the flow-front was exposed to pressures below this boiling point, 

which can result in water boiling and bubbles forming. However, as the infusion progresses, the 

resin fluid pressure at any given point in the laminate increases as the resin flowfront advances 

past it. When the resin pressure increases above the water boiling point water vapor condenses. 

This results in the bubble collapsing as water vapor dissolves/diffuses back into the surrounding 

resin. All infusions completed in this study had a post-fill laminate pressure of 300mBar, at which 

water boils at 69°C, significantly above the infusion temperature of 22°C. As a result, no significant 

void content as a result of resin moisture was observed.  

 

a) 

 

b) 

 

Figure 5.15: Representative cross sections from the inlet ends of laminates manufactured at a) 30%, and b) 

90% relative humidity. 

1mm

1mm
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5.4.3.2 Laminate Strength 

a) 

 

b) 

 

Figure 5.16: Plots of measured relationship between laminate CLC strength and a) resin conditioning 

humidity, and b) resin moisture content. 

 𝜎𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 = 370 − 162.5. 𝐻2𝑂 5-16 

 

The results of the combined loading compression strength tests with one standard deviation error 

bars can be found in Figure 5.16a and b. Figure 5.16a and b show the relationship between both 

resin conditioning humidity and resin moisture content to laminate compression strength. 

Atmospheric humidity level and its subsequent effect on resin moisture content is shown to have 

a substantial impact on laminate compressive strength, with an increase in relative humidity at 

22°C from 25% to 90%, correlating to an increase in resin moisture content of 0.35%, resulting in 

a 15% decrease in compression strength. Statistical analysis was undertaken on the test results to 

determine the statistical significance of these differences. ANOVA analysis of the results indicated 

that statistically significant differences in compression strength were observed between the panels, 

returning a P-value of 0.017. For laminate compression strength as a function of resin moisture 

content an inverse linear relationship is observed, described by Equation 5-16, where σcompressive and 

H2O(%) represent compressive strength and resin moisture content as a percentage of resin mass 

respectively. Using Equation 5-6 and 5-16, which describe the relationships between atmospheric 

humidity and resin moisture content, and resin moisture content and laminate strength 

respectively, it can be calculated that resin exposed to high levels of atmospheric humidity at room 

temperature can result in decreases in laminate compression strength exceeding 20% when 

compared to perfectly dry resins.  

These results are in agreement with trends observed in previous studies, which concerned the 

effect of moisture absorbed post cure into fibre reinforced laminates, which found similar impacts 

on mechanical properties. Eftekhari et al [146] observed reductions in strength due to moisture 

absorption ranging from 7-30%, dependant on the polymer type, in short fibre reinforced 

thermoplastic polymer specimens. Studies on the influence of water absorption on laminate 
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strength by Arhant et al [167] found that a moisture content of 1% in PA6 resins resulted in a 

decrease in compressive strength of ~50%.      

As discussed in Section 5.4.3.1, all samples were observed to have minimal void contents, with 

resin moisture content having no correlation with sample porosity. Consequently the observed 

decrease in laminate compression strength cannot be attributed to stress concentrations caused by 

voids, and must be a consequence of reduced resin strength and/or reduced interfacial bond 

strength caused by the presence of moisture.  

Results presented here show that uncured resin moisture content has a significant impact on 

laminate compression strength, similar to that of moisture absorbed into the laminate posture-

cure, highlighting the importance of applying effective resin drying processes to the infusion 

manufacturing process.  

5.4.3.3 Resin Strength 

The results of the resin tensile strength tests with one standard deviation error bars can be found 

in Figure 5.17a, b and c. Figure 5.17a shows the relationship between resin moisture content and 

measured resin tensile strength, with the manufacturers supplied data indicated. A strong inverse 

linear relationship is observed, described in Equation 5-17, where σtensile and H2O represent resin 

tensile strength and saturated dissolved moisture content as a percentage of resin mass 

respectively. Using Equations 5-6 and 5-17, describing the relationships between atmospheric 

humidity and resin moisture content, and resin moisture content and resin strength respectively, 

it can be calculated that uncured resin exposed to high levels of atmospheric humidity at room 

temperature can result in decreases in resin tensile strength. An absorbed moisture content of 

0.5% in uncured resin results in a reduction in tensile strength of 50% when compared to a perfectly 

dry resin. Studies investigating the effect of moisture absorbed post-cure on bisphenol-A epoxy 

resins yielded similar trends, but with lower observed reductions in mechanical properties. 

Saturation post-cure of epoxy to a moisture content of 2.7% by Lin et al [150] resulted in a 30% 

reduction in tensile strength. Samples submerged in water for a period of 480 days by Silva et al 

[168] were observed to undergo a 33% reduction in tensile strength. This suggests that moisture 

content of resin prior to cure might be more influential on mechanical properties than moisture 

absorbed post-cure.  

Figure 5.17b details the observed relationship between sample humidity and measured Youngs 

modulus, with the manufacturers supplied data indicated. A slight negative relationship can be 

observed, suggesting moisture content influences the stiffness of the resin. A moisture content of 

0.5% results in a 10% reduction in Youngs Modulus. However, statistical analysis of test results 

indicated that there was no statistically significant difference in Youngs modulus between the 

sample series, returning a P-value of 0.15. Studies investigating the effect of moisture absorbed 

post-cure on bisphenol-A epoxy resins again yielded similar trends, differing in the magnitude of 

the influence. Saturation post-cure of epoxy to a moisture content of 2.7% by Lin et al [150] resulted 

in a 29% reduction in Youngs Modulus. Nogueira et al recorded a ~35% reduction in Youngs 



5.4 Results  124 

 
   

 

Modulus at 4.7% moisture content, however no reduction in stiffness was measured at moisture 

contents below 4.3% [149]. This suggests that although moisture content of resin prior to cure can 

influence stiffness, the lower level of moisture content absorbed at saturation at room conditions 

limits the magnitude of the effect.    

a) 

 

b) 

 

c) 

 

Figure 5.17: Plots showing measured relationship between resin moisture content and a) tensile strength, b) 

tensile modulus, and c) strain to failure. 

 

Figure 5.18: Representative stress-strain curves for resin samples cured at 25% and 90% relative humidity. 
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 𝜎𝑡𝑒𝑛𝑠𝑖𝑙𝑒(𝑀𝑃𝑎) = 74 − 72. 𝐻2𝑂 5-17 

 

The relationship between sample humidity and measured sample Strain to Failure is detailed in 

Figure 5.17c. As in Figure 5.17a, a strong negative relationship is observed, indicating moisture 

content has a significant effect on the ductility of the resin. An increase in uncured resin moisture 

content from 0.11% to 0.46% results in a decrease in strain to failure of 42%. Figure 5.18 showcases 

typical stress strain curves for samples with 25% and 90% moisture humidity respectively. Samples 

conditioned at high humidities with subsequent high moisture contents fail in a brittle manner, 

experiencing limited plastic deformation. In contrast, samples with low moisture content undergo 

significant plastic deformation before failing, as the shape of the stress strain curve implies that 

samples experience necking before failure. The higher level of plastic deformation observed in the 

low moisture content low humidity samples explains the increase in tensile strength of the resin 

samples, and provides a possible explanation for the observed relationship between laminate 

compression strength and moisture content. The effect of moisture absorbed post-cure on resins 

both coincides and contrasts with the behaviour observed here, being dependent on resin chemistry. 

Studies on amine cured etraglycidyl diaminodiphenylmethane epoxy by Nogueira et al [149] 

observed a similar inverse relationship between moisture content and strain to failure, with resins 

becoming increasingly brittle. In contrast, studies on amine cured bisphenol-A epoxy resins by 

Lettieri et al [169] and Lin et al [150] showed moisture absorbed post-cure having no significant 

effect on failure strain. Other studies by Silva et al [168] reported significant plasticization 

occurring, resulting in reductions in Youngs Moulus and significant increases in failure strain. The 

dissimilarities in results suggests that the influence of moisture content of resin prior to cure on 

failure strain can vary significantly depending on minor changes in resin chemistry, and broad 

generalisations about its influence should be avoided.  

The presented results show that uncured resin moisture content has a direct impact on resin 

mechanical properties, which can vary significantly from the previously observed influences of 

moisture absorbed post-cure. They also imply that the observed reduction in compression strength 

for laminates infused at high humidities is most likely a direct consequence of reduced resin 

strength or plasticity, as opposed to a reduction in interfacial bond strength. 

5.5 Conclusions 

A number of tests concerning the characteristics of moisture absorption and desorption in vacuum 

infusion constituent materials have been performed to determine the influence of pre-infusion 

moisture content on vacuum infused laminate mechanical properties. Tests undertaken included 

studies on the influence of vacuum pressure and initial moisture content on moisture removal in 

reinforcements and consumables, studies on the influence of vacuum pressure and resin depth on 

moisture removal in uncured epoxy resins, and investigations into the influence of pre-infusion 
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moisture content on resin and laminate mechanical properties.   

Humidity level that textiles are exposed to prior to infusion was identified as the key factor 

influencing retained moisture content. Although applying a vacuum to the layup will significantly 

reduce water content, a certain amount of latent moisture will still remain, determined by the 

initial moisture content of the material. Elevated temperatures are required to return the 

consumables and reinforcing fibres to a completely dry state. 

The absorption of moisture into resin at atmospheric conditions was determined to be Fickian in 

nature, and the diffusion coefficient was derived experimentally. This allowed the development of 

an absorption model that could accurately assess the useful shelf life of dry resin based on initial 

moisture content, humidity level, and resin depth. 

Vacuum pressure and resin depth were identified as key factors influencing moisture removal rates 

from epoxy resins. To facilitate effective moisture removal from resin, degassing should occur at 

pressures below the 10-15mBar transition point. When such pressures are not achievable resin 

depth should be minimised, although under these conditions moisture removal rates are still 

reduced by many orders of magnitude. Though applying a vacuum to resin will significantly reduce 

its water content, a latent moisture content of ~0.02% will still remain, irrespective of the vacuum 

pressure and vacuum exposure time. Elevated temperatures in correlation with vacuum degassing 

are required to return epoxy resin to a completely dry state.  

Uncured resin moisture content has a direct impact on resin mechanical properties, which can vary 

significantly from the previously observed influence of moisture absorbed post-cure. Resin tensile 

strength and strain to failure were both reduced by up to 50% through moisture sorption, with 

stiffness not being significantly impacted.  

Uncured resin moisture content was observed to have a significant impact on laminate mechanical 

properties, with up to a 20% reduction in compression strength, similar to that of moisture 

absorbed into the laminate post-cure. Moisture content was not observed to have any influence on 

laminate void content. The observed reduction in compression strength for laminates infused at 

high humidities is most likely a direct consequence of reduced resin strength or plasticity, as 

opposed to a reduction in interfacial bond strength. 

This paper represents the first comprehensive investigation on the influence of pre-infusion 

moisture content on vacuum infused laminate mechanical properties, covering a wide range of key 

characteristics required to design and develop robust manufacturing processes. It shows that 

uncured resin moisture content is a key manufacturing parameter that requires active 

measurement and minimisation to ensure design strength is achieved in high performance 

composite applications.  



  
 

   

 

 

 

 

 

 

 

 

 

 

 

 

6  
Comparison of High Performance Resin 

Infusion to Autoclave Prepreg  

6.1 Introduction 

6.1.1 Autoclave Cured Prepreg 

Autoclave consolidation of pre-impregnated reinforcements has long been considered the pinnacle 

of manufacturing processes for fibre reinforced plastics, being used to produce parts to meet the 

most demanding part specifications. Autoclave cured prepreg manufacturing has become the 

accepted practice in industries where factors such as performance, product consistency and 

material qualification are paramount. This includes the aerospace, defence, marine, and renewable 

energy sectors. For high performance composites in these sectors, achieving the required consistent 

high quality using alternate manufacturing methods is a challenge. The number of variables to be 

controlled in processes such as vacuum assisted resin transfer moulding, including resin volumes, 

disposition of fibre reinforcement, resin additives and catalysts, wet out and avoidance of air 

entrapment, cure regime, vacuum, temperature and pressure profiles, exotherm control, and 

mould filling, leads to manufacturers preferring the well-established method [170]. Application of
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prepreg also enables manufacturers the ability to work with higher viscosity resins, so 

compromises do not have to be made between mechanical properties and ease of flow, as for 

competing processes such as resin infusion. The prepreg production process also allows for 

controlled selection of the fibre volume fractions that are achieved, which in turns reflects in tight 

control of the physical and mechanical properties of the final part [170].  

One of the shortcomings of autoclave cured prepregs is their suitability for large volume 

manufacturing. The processes of laying up the laminate can be slow, with frequent de-bulking 

required with changes in fibre orientation or geometry. Additionally, prepregs are not well suited 

for parts with sharp radii relative to their thickness, or complicated dual curvature geometries. 

For these reasons prepregs have not found wide spread adaptation within the high production 

volume automotive industry, which prefers sheet and bulk moulding compounds [170]. 

6.1.2 High Performance Composites in Industry 

In the aerospace industry, the manufacture of fibre composite materials using prepreg has become 

the most widespread production process. Stringent quality requirements in aerospace favour the 

inherent characteristics of the prepreg-based manufacturing process, specifically the high degree 

of process reliability and the high quality of the components [171]. The straight layup of the carbon 

filaments using UD tapes and toughener-modified matrix resins results in excellent mechanical 

properties. These characteristics result in autoclave cured prepreg being the preferred choice for 

primary composite aerospace structures [172]. 

Although prepreg production processes for aerospace applications are associated with the best 

mechanical properties, this type of manufacturing has a prohibitively high cost. Scott and Heath 

[58] found that cost reductions for raw materials of up to 40% are possible when VARTM 

consumables are substituted in place of prepreg. This reduction in material costs is substantial as 

up to half of the cost of an autoclave component can be attributed to the raw materials [173]. The 

costs associated with autoclave cured prepreg specifically include: 

 The generation of high added-value waste material 

 Low-temperature storage requirements (~-18°C)  

 Limited shelf life 

 The time-intensive nature of the manual ply layup, concerning both implementation and 

inspection to guarantee quality of the component 

 Large capital outlay required for the autoclave 

Although the use of an autoclave facilitates the creation of high performance prepreg laminates, it 

also imposes significant economic and logistical restrictions on manufacturing. An autoclave needs 

to be of sufficient size to accommodate the largest component in the manufacturing process, and 

must be used to process a number of components of uniform thickness simultaneously to be both 

cost effective and ensure complete curing [173]. As components of similar laminate thickness must 

be processed under the same cure cycle for economic feasibility, tight production scheduling is 
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critical for the viability of the manufacturing operation. 

Studies of the entire prepreg manufacturing process, following production from the receipt of 

material to final component assembly, have identified that the autoclave curing stage imposes a 

substantial ‘bottleneck’ in the production process [174]. This bottleneck is primarily a result of the 

aforementioned need to batch process components in the autoclave. High capital and running costs 

restricts the number of autoclaves that a company can purchase and install. Batches of parts must 

be created that require identical curing cycles in order to increase efficiency and avoid backlogs of 

unprocessed components. Subsequently, batches of components must be stored on the production 

line until there is a sufficient volume to fully utilise an autoclave cycle. An additional factor in 

autoclave processing that inhibits work flow is that the loading and unloading of the autoclave can 

only be carried out at a single end.  

Manufacturing processes that utilise an oven cure, such as VARTM, do not suffer the same 

logistical and economic restraints. Oven curing is a significantly less capital intensive process, with 

lower running costs [174]. It allows components to be processed from one end to the other, creating 

better production flow, and allowing flexibility in batch size. Studies focused on comparing 

autoclave cure with oven cure composite manufacturing have found that in oven cure processes the 

cure ‘bottleneck’ dissipates, with the layup stage being a new but less significant restriction.  

The economic and environmental impacts of autoclave cured prepreg and vacuum infusion 

manufacturing have been compared and contrasted by Witik et al [175]. This study reviewed a 

range of composite manufacturing techniques including autoclave cured prepreg, out of autoclave 

prepreg, and vacuum resin infusion. It also provided comparisons of thermal and microwave cure 

cycles for out-of-autoclave prepreg and infusion laminates. Cost modelling was carried out using a 

technical cost model, based upon an activity based costing approach [95]. For each manufacturing 

method studied a production process was defined which contained all the relevant processes 

equipment and labour required to produce a predetermined universal component. Factors 

considered included labour requirements and costs, cycle times, materials costs, equipment costs, 

production volumes, energy use, scrap, reject rates and overheads, with input data being obtained 

from industrial sources, commercial estimates for materials and equipment, and laboratory based 

tests. Additionally, plant installation and maintenance costs were included with matching 

depreciation periods. Although final part costs were dependent on a function of volume, it was 

found that vacuum infusion was on average 15% cheaper per panel than autoclave prepreg for the 

same manufacturing scenario. Additionally, CO2 emissions were calculated to be 70% lower for 

infusion than autoclave prepreg for the processing stage, with infusion requiring 30% less total 

energy across the entire supply/production chain.  

6.1.3 Vacuum Assisted Resin Infusion 

Due to these potential cost savings and reduced environmental impacts, the aerospace sector has 

developed a number of vacuum assisted resin infusion methodologies for use in manufacturing 
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secondary structures, such as CAPRI, VAP, and DVBI [14], [24], [44].  

These infusion processes provide a high level of flexibility in the manufacturing process, with fibre 

and matrix materials able to be comparatively freely combined and optimised for each specific part. 

In addition, the ability to use semi-finished products such as non-crimp fabrics substantially 

reduces the time and effort to produce fibre preforms, particularly in the case of parts with complex 

geometries. The ease of manufacture in infusion methods is however offset by inferior laminate 

performance. One factor influencing this is the fact that infusion resins require significantly lower 

viscosities in order to facilitate complete wet out of the dry fibre preform within the set processing 

timeframe, unlike prepreg resins [172]. The chemical alterations made to resin in order to lower 

the viscosity subsequently lead to an increase in the brittleness of the cured resin matrix. As a 

consequence of this, the mechanical properties attainable in components manufactured via resin 

infusion processes are in general lower than the values attainable by autoclave cured prepreg 

manufacturing [176]. In addition to this, post-cure manufacturing difficulties can arise in infusion 

processes due to infusion resins undergoing higher levels of shrinkage, causing issues with spring-

in and spring-out following curing [177]. Compromises are also required in textile architecture for 

use in infusion processes. While prepregs can consist of tightly packed unidirectional fibres with 

no disruption, the infusion of dry textiles with this structure is highly challenging due to the low 

permeability. As a result flow channels are required in infusion grade textiles, resulting in resin 

rich zones within the laminate that reduce mechanical performance [86].  

Continued iterative improvements in infusion methods and materials have resulted in infused 

parts being able to provide equivalent or superior performance in some specific areas such as 

toughness, impact resistance, or through-thickness properties. However, they have not been able 

to match autoclave cured prepreg components in key mechanical properties such as compressive 

strength, and fibre-volume fraction [173]. Subsequently, infusion manufacturing methods are not 

commonly used in production of primary aircraft structures. Currently only small scale, lightly 

stressed aerospace components are commonly produced via lower cost vacuum infusion techniques 

[173]. Major structural elements in existing commercial aircraft, including main wing-spars, 

fuselage and empennage are almost exclusively produced using autoclave cured prepreg. 

Subsequently, these components have the high associated manufacturing costs. Unless lower cost 

manufacturing methods, such as vacuum infusion, can be developed for use in producing high 

performance primary structures, the benefits of composite materials will be limited to products 

where the high costs can be tolerated.   

6.1.4 Comparison of Autoclave Cured Prepreg and Vacuum Assisted Resin Infusion 

In recent years a number of studies have looked at the viability of replacing autoclave cured 

prepreg with vacuum assisted resin infusion in a variety of sectors. Detailed investigations were 

undertaken by Hexcel inc. studying the suitability of replacing autoclave cured prepreg with 

vacuum infusion manufacturing processes in the production of wind turbine blades [178]. The 
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study focused on the primary load carrying structures, including the root ends and spar caps, where 

mechanical performance and cost are important. First the viability of each manufacturing method 

to produce large, thick laminates was assessed. Vacuum infusion was observed to produce parts 

with lower total void content, although individual voids were larger in size. Resin rich areas 

between fibre bundles were clearly evident in the infused carbon part, with distinct matrix 

boundaries between carbon fibre bundles being present. The fibre and matrix rich areas resulted 

in fibre-volume variations over cross section, with fibre bundles being deformed and deflected in 

the 90° direction. Prepreg samples comparatively showed a uniform morphology of both 

fibre/matrix distribution and alignment, with the overall homogeneity of prepreg part being 

significantly higher.  

Detailed comparisons of mechanical properties were undertaken for glass and carbon laminates 

produced by both processes [178]. In both studies the laminates were cured at 90°C, with the 

results being normalised to a fibre volume fraction of 0.6. For the fibreglass laminate, prepreg was 

observed to outperform infusion across all measurements of strength, with modulus being 

unaffected by manufacturing method. Manufacturing via prepreg resulted in increases in tensile, 

compression, flexural and inter-laminar shear strength of 14%, 18%, 17%, and 36% respectively. 

For the carbon fibre laminates an identical textile was used for both the infusion and prepreg 

manufacturing processes. Again prepreg was observed to outperform infusion across all 

measurements of strength, with modulus being unaffected by manufacturing method. 

Manufacturing carbon laminates via prepreg resulted in increases in tensile, compression, flexural 

and inter-laminar shear strength of 23%, 20%, 26%, and 10% respectively. This study showed that 

even for laminates with identical textiles, manufacturing via traditional VARTM methods results 

in significant reductions in mechanical properties when compared to autoclave cured prepreg.  

6.1.5 Modifications to the Vacuum Assisted Resin Infusion Process 

6.1.5.1 Preforming 

Due to the substantial performance gap between prepreg and infusion manufacturing processes in 

terms of laminate strength observed in previous studies, large improvements are required to 

vacuum infusion process before it can be used as a suitable substitute in high performance 

composite manufacturing. Significant effort has been made in this area, with a range of process 

improvements being proposed and developed to reduce the gap in performance.  

Mitsubishi Heavy Industries and Toray Industries jointly worked on developing improved infusion 

methods for manufacturing empennage box structures for MRJ aircraft [179], [180]. The process 

developed was Advanced Vacuum Assisted Resin Transfer Molding (A-VaRTM), designed to allow 

for reduced cost manufacture of primary aircraft structures. The A-VaRTM process made a number 

of changes to the vacuum infusion process including:  
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 Adoption of a textile fibre reinforcement with high quality and strength  

 Application of thermoplastic particles to the textile designed to toughen the resulting 

composite laminates 

 Optimization of the forming process to obtain a high fibre volume fraction preform prior to 

wet out  

For this project a specialty woven fabric that improved the unidirectional properties of A-VaRTM 

reinforced fibre base material by removing crimps was developed to efficiently enhance fibre 

strength [180]. Additionally, a very low viscosity two component epoxy resin system was produced 

in order to allow for better wetting characteristics of the fibre preform [181]. The key addition in 

the A-VaRTM process however was the densification of the preform prior to infusion. To achieve 

this the woven textile was covered with a thermoplastic binder during its manufacture. Preforms 

were created by subjecting the textile stacks to high pressure hot compaction after lamination. 

This hot compaction with the presence of the thermoplastic binder resulted in high fibre-volume 

fraction preforms with uniform thicknesses, significantly increasing the fibre-volume fraction and 

uniformity of the final part after resin infusion.  

As part of the development a series of tests were undertaken that compared laminate strength of 

panels manufactured via the A-VaRTM and autoclave cured prepreg processes. The A-VaRTM 

process was found to produce laminates with mechanical properties that either matched or 

exceeded that of prepreg, with tensile strength, compression strength, open-hole tension strength 

and closed holes tension strength that were 98%, 105%, 104% and 99% of that achieved by prepreg 

samples [179]. In addition to these tests, manufacturability tests were undertaken, involving the 

fabrication of full scale aerospace primary structures, focusing on ply drop-off areas. In traditional 

prepreg fabrication of these structures, when prepreg is used to form a three-dimensional geometry 

with a ply-drop-off area, there is a high possibility of wrinkle formation. Subsequently design and 

manufacturing restrictions are required in these zones. The use of dry fabric in vacuum infusion 

processes results in the material being easier to conform around three-dimensional geometry, 

reducing the possibility of wrinkle formation. Assessment of the full scale A-VaRTM structures 

found no quality degradations such as wrinkles in ply-drop-off areas [179].  

6.1.5.2 Application of External Compaction Pressure 

Other researchers have investigated the effectiveness of applying additional compaction pressure 

to the laminate in the vacuum infusion process, either through bladders or pressure chambers, in 

attempts to increase laminate fibre-volume fraction and subsequently strength. Casari et al. [182] 

investigated the process-mechanical property relationship for the manufacture of aircraft wing 

spars, comparing prepreg, vacuum infusion and resin film infusion techniques. Two versions of 

vacuum infusion were investigated: One using only atmospheric pressure for laminate compaction, 

the other using an inflated bladder to apply 2.2 Bar of additional compaction force at the completion 

of the infusion process. The resin film infusion process also utilised an inflated bladder to provide 



6.1 Introduction  133 

 
   

 

2.2 Bar of additional compaction force to the laminate following the completion of the fibre wetting 

stage. Prepreg laminates served as the baseline, cured at a relatively low equivalent pressure of 

2.2 Bar during the autoclave consolidation and curing stage. Mechanical testing of the parts found 

that autoclave cured prepreg substantially outperformed all other processes in all measured 

metrics, with the addition of external compaction pressure in the infusion process providing 

inconsistent improvement. Parts produced by resin film infusion, vacuum infusion without and 

with external compaction, and autoclave cured prepreg achieved fibre-volume fractions of 0.60, 

0.57, 0.60, and 0.68 respectively. Three-point bending tests showed resin film infusion and vacuum 

infusion without and with external compaction achieving strengths 21%, 13% and 8% lower than 

prepreg. Interlaminar shear strength was respectively 35%, 11% and 20% lower for each process 

then prepreg [182].  

The Vacuum Enhanced Resin Infusion Technology (VERITy) was also developed as a process for 

manufacturing primary aircraft structures via the vacuum infusion process [183]. This 

manufacturing methodology utilises a conventional SCRIMP type infusion methodology for wet 

out, but uses an autoclave in the post fill curing stage to provide an additional 1 Bar of compaction 

pressure on the laminate. This results in higher fibre volume fractions and reduced porosity levels. 

A series of panels were manufactured via the VERITy and autoclave cured prepreg processes to 

assess the difference in mechanical properties. The VERITy process achieved fibre-volume 

fractions of ~58% and a porosity of between 0.4-0.6%. However tensile strength, compression 

strength, interlaminar shear strength and laminate stiffness were 15%, 10%, 17% and 5% lower 

than prepreg [183]. Although this process modification does reduce the gap in compression and 

interlaminar shear strength between the methodologies, a substantial difference still exists.  

A different approach, called Single Line Injection-RTM (SLI-RTM), was developed at the DLR 

Institute of Structural Mechanics with the objective of being an optimised liquid resin infusion 

technology to manufacture high performance composites with excellent laminate and surface 

quality at reasonable costs [184]. SLI-RTM combined liquid resin infusion with autoclave 

technology to produce a process where evacuation of the fibre preform as well as the injection of 

the resin system is carried out with a single resin transfer line. The process involves placing a 

vacuum bagged laminate within an autoclave. A vacuum is then applied to the bagged chamber to 

remove gasses and compact the laminate. Pressure in the autoclave is then increased, while 

simultaneously resin is injected into the bagged laminate at a lower pressure. At the completion of 

wet out the resin injection pressure is reduced while autoclave pressure is maintained at 5 Bar. 

This increased pressure differential on the laminate results in increased compaction of the part, 

leading to higher fibre -volume fractions. The process produces void-free laminates with high 

component quality and Class A surfaces on the tool-side. Fibre-volume fractions in excess of 0.6 are 

possible [184]. Comparisons of mechanical properties to autoclave cured prepreg laminates are not 

however provided. 
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6.1.6 Study Objectives 

Although these developed improvements to the vacuum infusion process do reduce the performance 

gap to autoclave cured composites, they compromise on other benefits that traditional vacuum 

infusion processes possess, the most important being cost and simplicity. Applying additional 

compaction pressure to the infusion process, be it through a bladder or an autoclave, increases the 

cost and complexity while reducing the flexibility of infusion manufacturing. Compaction with a 

bladder requires enclosed tooling structures and significantly limits maximum part size and viable 

geometries [182]. The use of an autoclave, as in the VERITy and SLI-RTM processes substantially 

increases manufacturing costs, and also introduce a choke point into the manufacturing process 

that autoclave curing is associated with [174]. The A-VaRTM process is the most effective 

developed so far, effectively eliminating the difference in mechanical strength between prepreg and 

vacuum infusion manufacturing processes without the requirement for an autoclave. However, this 

process still requires complex preforming tools to be developed, significantly increasing capital 

costs and imposing limits on part size [181].  

The aim of this study is determine how closely a highly refined resin infusion process can match 

the performance of traditional autoclave prepreg manufacturing, without the inclusion of process 

changes that negatively impact the cost and flexibility of infusion manufacturing. Through the 

application of the process improvements covered in chapters 3, 4 and 5, including changes to the 

infusion process, and control of environmental influences such as moisture and dissolved gasses, a 

highly refined infusion process has been developed. This study aims to provide a comparison on 

part quality between this highly refined vacuum assisted resin infusion process, and traditional 

autoclave prepreg manufacturing methods. 

6.2 Material Details and Layup Properties 

6.2.1 Fibre Reinforcement 

In order to eliminate the effects of varying reinforcement structure between prepreg and infused 

parts on the manufacturing processes and final part properties, identical textiles were utilised for 

both manufacturing methods. Two Chomarat 150gsm triaxial non-crimp fabrics were selected, 

supplied by GMS Composites, with single [+45°/-45°/0°] and [+30°/-30°/0°] fibre orientations. Both 

fabrics utilised Toray T700S standard modulus carbon fibres. Full textile specifications are 

provided in Table 6.1. Both fabrics were supplied from single batches to minimise variations due 

to manufacturing processes. Half of each textile batch was processed by GMS Composites Australia 

for resin application to create a prepreg material. 
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Table 6.1: Textile Specifications 

Textile [0/+30/-30] [0/+45/-45] 

Areal weight [g/m2] 153 156 

Layer 1 weight [g/m2] 50 51 

Layer 2 weight [g/m2] 50 51 

Layer 3 weight [g/m2] 50 51 

Binding Chain tricot Chain Tricot 

Binding weight [g/m2] 3 3 

 

6.2.2 Laminate Stack Layup 

Four stack layups were investigated in this study, with all four being characterised through 

compaction studies, while two were selected for manufacture via both prepreg and infusion 

methods. All stack layups utilised in this study consisted of 20 layers of a single [+45°/-45°/0°] or 

[+30°/-30°/0°] triaxial fabric. The stacks had a nominal areal weight of 3000gsm with a targeted 

nominal thickness of 3mm. Full stack details can be found in Table 6.2. 

 

Table 6.2: Laminate layup specifications 

Layup Areal weight [g/m2] Layers Symmetry 

[0/+30/-30/0/+30/-30]10 3060 20 Layer 10/11 

[0/+30/-30/+30/-30/0]10 3060 20 Layer 10/11 

[0/+45/-45/0/+45/-45]10 3120 20 Layer 10/11 

[0/+45/-45/+45/-45/0]10 3120 20 Layer 10/11 

 

6.2.3 Resin Systems 

Table 6.3: Gurit Prime 27 working properties 

 
Density 

[g/cm3] 

Viscosity at 

20° [mPa.s] 

Viscosity at 

30°C [mPa.s] 

Viscosity at 

50°C [mPa.s] 

Mix Ratio 

by Weight  

Resin 1.12 815 - 865 310 - 330 85 - 95 100 

Hardener 0.94 25 - 27 16 - 18 9 - 11 27 

Mixed Resin 1.08 260 - 280 145 - 155 65 - 75 - 

 

Due to the differences in manufacturing process, identical resin systems could not be used for both 

prepreg and infusion. Effort was made to match key mechanical properties between the resin used 

for each respective method as closely as possible. Gurit Prime 27 LV, a bisphenol-A-

(epichlorohydrin) room temperature curing thermoset epoxy was selected as the vacuum infusion 



6.3 Manufacturing Processes  136 

 
   

 

resin system for this study, paired with Gurit Prime 20 LV Slow Hardener. This resin system was 

selected based on intended use in vacuum resin infusion of high performance structures, and the 

prior work completed characterising the influence of dissolved gasses and moisture absorption on 

this resin in the vacuum infusion process. The ratio of resin to hardener was 100-27 by weight. Key 

working and mechanical properties of the components and mixed resin system as provided by the 

manufacturer are detailed in Table 6.3 and Table 6.4 respectively [43].  

GMS Composites EP-280, a formulated epoxy resin matrix prepreg with long shelf life was selected 

as the prepreg resin system for this study. This resin system was selected based on its comparable 

mechanical properties to Prime 27, suitability on binding to carbon substrates, and hot-wet 

resistance. Key mechanical properties of the mixed resin system as provided by the manufacturer 

are detailed in Table 6.4 [185].  

Table 6.4: Resin Mechanical Properties 

 Gurit Prime 27 GMS EP - 280 

Flexural Strength [Mpa] 115 146 - 156 

Flexural Modulus [GPa] 3.1 3.1 – 3.4 

Tensile Strength [Mpa] 71.5 - 

Tensile Modulus [GPa] 3.2 - 

Ultimate Elongation [%] - 6.0 – 7.0 

6.3 Manufacturing Processes 

6.3.1 Autoclave Cured Prepreg CFRP Manufacturing Process 

Manufacture of the autoclave cured prepreg CFRP panels utilised in this study was completed by 

Southern Spars New Zealand, and consisted of layup, debulking, and autoclave curing phases.  

6.3.1.1 Layup and Debulking 

 

Figure 6.1: a) Prepreg debulking layup, b) Prepreg autoclave curing layup 
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During layup of the stack vacuum debulking cycles were performed every 5 layers. Each debulking 

cycle involved vacuum bagging the laminate, reducing the pressure within the chamber to 20mBar 

for a period of 5 minutes, then returning the chamber to atmospheric pressure before removing the 

bag. Samples were prepared for debulking as per the schematic in Figure 6.1a. Following layup 

and debulking the laminate was prepared for autoclave curing, as per the setup detailed 

schematically in Figure 6.1b. 

6.3.1.2 Autoclave Curing 

The autoclave curing cycle consisted of a two stage process, as described in Figure 6.2. Prior to 

initiation laminate pressure within the vacuum bag was reduced to 20mBar while external 

pressure on the laminate within the autoclave was increase to 4Bar. Temperature within the auto 

clave was then increased to 80°C at a rate of 2°C per minute. Temperature was held at 80°C for 40 

minutes before being increased again to 120°C at a rate of 0.5° per minute. Temperature was held 

at 120°C for 180 minutes until resin cure is achieved, before decreasing back to room temperature 

at a rate of 2°C per minute. No post curing of the laminate was required.  

 

Figure 6.2: Autoclave curing cycle 

6.3.2 Vacuum Assisted Resin Infusion CFRP Manufacturing Process 

Manufacture of the vacuum assisted resin infusion panels consisted of layup, conditioning, 

debulking, infusion, and post-curing phases.  

6.3.2.1 Infusion Method and Layup 

In order to achieve the highest possible part quality via vacuum infusion, a methodology would be 

required that maximised key laminate parameters such as fibre volume fraction while minimising 

void content and increased process reliability. As discussed in Chapter 3, a variety of vacuum 

infusion methodologies have been evaluated in detail, with the effects of each process modification 

on reliability and part quality determined. From this study the process modifications implemented 

in CAPRI and VAP type infusions were observed to be most beneficial: Cyclic compactions of the 

dry laminate prior to infusion in the CAPRI process increases the amount of fibre nesting in the 

stack, while altering the compaction characteristics of the stack through fibre and tow interlocking 
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to result in a lower stiffness through-thickness. This subsequently decreases the stack thickness 

and increases the fibre volume fraction that can be achieved at a set vacuum level. Additionally, 

infusing with the mixed resin in a vacuum chamber at a pressure of ~500 mBar reduces the 

maximum possible laminate pressure achievable during the infusion process, and subsequently 

significantly reduces laminate thickness increase as resin wet out progresses. The addition of a 

semipermeable membrane in the VAP process that is permeable to gas, allows uniform vacuum 

distribution and continuous degassing of the part during filling and post-filling in the through-

thickness direction. This reduces the potential of ‘dry spot’ formation, resulting in a lower void 

content and increased process robustness. Additionally, use of the semipermeable membrane 

results in reduced part thickness gradients.  

These processes have been incorporated into a hybrid vacuum infusion methodology that 

maximises the benefit that the process modifications provide, while negating some their negative 

impacts. In the VAP process the vent is placed between the membrane and vacuum bag, which 

subsequently does not allow excess resin admitted to the part to ‘bleed’ out in the post-fill stage. 

As excess resin admitted to the part cannot be removed, precise control of the filling process is 

required to achieve process reliability where components have a repeatable fibre volume fraction. 

By cyclically compacting the laminate and infusing with the resin inlet at a reduced pressure level, 

as in the CAPRI process, this issue can be eliminated, as the laminate no longer relaxes and excess 

resin does not enter the part. In the CAPRI process, the reduction of the total pressure differential 

between the inlet and outlet ends of the laminate can result in an increase in void content, due to 

the reduction in driving pressure acting on entrapped air bubbles. The addition of a semipermeable 

membrane above the laminate, as in the VAP process, negates this issue as it facilitates continuous 

degassing of the part during filling and post-filling in the through-thickness direction. 

 

 

Figure 6.3: a) Initial hybrid infusion layup, b) Final hybrid infusion layup 
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The initial hybrid vacuum infusion method had the setup described schematically in Figure 6.3a, 

as used for preliminary test panel manufacture as described in Section 4.2.1. Due to the issues 

described in Section 6.4.2.1, the hybrid vacuum infusion method setup was modified to that as 

described in Figure 6.3b. The modified setup was utilised in all subsequent vacuum infusion 

manufacturing. 

6.3.2.2 Conditioning 

As discussed in Chapter 4 and 5, the influence of a variety of vacuum infusion environmental 

conditions have been evaluated in detail, with the effects of resin dissolved gas content and pre-

cure environmental moisture on process reliability and part quality being determined. From these 

studies the following process parameters were derived: 

 Resin fluid pressure must be controlled such that the resin remains undersaturated with 

dissolved gasses. Saturation state can be determined from Figure 4.3 in Chapter 4. 

 Resin should be degassed at or below 5 mBar to ensure rapid removal of dissolved gasses 

and moisture. 

 Exposure time to atmospheric conditions should be minimised for degassed resin prior to 

infusion. 

 Reinforcements and consumables should be degassed for a period in excess of 24 hours at 

a pressure below 30 mBar. 

These parameters were integrated into the pre-infusion conditioning of both the laminate and the 

resin. Prior to infusion the un-bagged laminate and consumables were conditioned in an 

environmental chamber at 22°C and 15% relative humidity for a period of 48 hours to reduce the 

initial moisture content. The layup was then sealed under a flexible chamber and placed back 

inside the environmental chamber. The laminate was then cyclically compacted 20 times in 

accordance with the CAPRI infusion methodology. In each compaction cycle the laminate pressure 

was reduced to 15 mBar for a period of two minutes before being returned to atmospheric pressure. 

Following this a vacuum of 15 mBar absolute pressure was applied to further dry the fibre stack 

for 24 hours, with vacuum maintained up to the point of infusion.  

For each infusion 250g of resin was dried in a vacuum oven at 70°C and 150 mBar for a period of 

24 hours to remove any absorbed moisture. The resin and 65g of hardener were then degassed 

separately for one hour at a pressure of 5 mBar to remove dissolved gasses. For degassing 

20x20x5mm sections of Scotch Brite were added to both resin and hardener. This was based on its 

documented property of effectively providing sites for bubble nucleation in resin systems [22]. The 

resin components were then mixed and degassed at 5 mBar for an additional 5 minutes to remove 

any entrained air bubbles. 

After degassing, the dissolved oxygen level of the mixed resin was measured. An Atlas Scientific 

dissolved oxygen probe was used to evaluate the dissolved gas content of resin samples. Prior to 

each test series the dissolved oxygen probe was calibrated at two points against fluids with known 

dissolved content, being air and a deoxygenated fluid. During the measurement process the probe 
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was manually stirred in the resin and moved vertically between the top and bottom of the sample, 

in an attempt to have a homogenized reading of the solution. Several precautions had to be followed 

to guarantee accurate and consistent readings. When the probe is submerged into the liquid, care 

must be taken not to entrap any bubbles at the concave probe head, as these will produce 

artificially high readings. Moreover, the stirring had to be gentle and consistent to prevent 

entrainment of gases and bubbles into the resin, while maintaining sufficient flow rate across the 

probe head to prevent the probes oxygen consumption from causing an artificially low reading. The 

measured dissolved oxygen content was referenced against the saturation state plot in Figure 4.3 

in Chapter 4, to ensure the resin would remain undersaturated at the targeted post-fill resin fluid 

pressure.  

6.3.2.3 Infusion 

 

Figure 6.4: Infusion setup schematic 

The infusion setup used in all tests is described schematically in Figure 6.4. Prior to infusion the 

temperature of the environmental chamber was set to the targeted infusion temperature and 

allowed to stabilise, with relative humidity being maintained at 15%. The degassed mixed resin 

was placed within the inlet vacuum chamber in a water bath in order to prevent excessive exotherm 

from occurring and to extend resin pot life. Chamber pressure was then reduced to 500 mBar in 

accordance with the CAPRI manufacturing methodology. Vacuum pressure applied at the outlet 

was set to 15 mBar. Infusion was then initiated by unclamping the resin inlet line. Total time from 

resin mixing to infusion initiation was kept constant at 15 minutes across all tests to prevent 

differing stages of resin cure progression influencing the infusion process. Resin flow was ceased 

after one hour by re-clamping the inlet. Once laminate wet out was achieved a specified post fill 

Environmental Chamber

Oulet Vacuum Pot

Infusion Layup

Inlet Vacuum Pot
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pressure of 150 mBar was applied at the outlet. Resin curing took place at the targeted infusion 

temperature and humidity conditions for a period of 24 hours.  

6.3.2.4 Post-Cure 

Following resin cure all infused panels were post cured simultaneously at elevated temperature in 

an oven to ensure complete crosslinking of the resin was achieved. The post cure cycle consisted of 

a temperature increase from 20°C to 80°C at a rate of 2°C per minute. Temperature was held at 

80°C for 10 hours before decreasing back to room temperature at a rate of 2°C per minute. 

6.4 Experimental Program 

6.4.1 Characterisation of Dry and Wet Stack Compaction Response 

Prior to undertaking experiments comparing the two manufacturing methods, preliminary 

screening experiments were performed to characterise the effect of stack layup on dry and wet 

compaction response. Results of these experiments were used to determine which layups for each 

triaxial fabric would be used in the subsequent experimental series comparing mechanical 

properties of laminates manufactured via each method.  

In order to correlate the compaction behaviour of the reinforcement stack to observed thickness 

and fibre volume fraction variations, the compaction response of the four proposed stack layups 

were measured. The experimental setup utilised to perform the compaction measurements 

consisted of two parallel rigid platens mounted to an Instron 1186 universal testing machine. 

Figure 6.5 shows a schematic of the setup. The upper platen featured a 10 mm diameter orifice 

which facilitated the injection of Mobil DTE Heavy oil through the sample from a reservoir held at 

constant pressure. The oil acted as a resin substitute for the wet compaction phase of the 

measurements. A mirror and CCD camera mounted below the lower glass platen were used to 

monitor wet out of the stack during oil injection and ensure that full saturation was achieved. The 

viscosity of Mobil DTE Heavy oil is 0.27 Pa.s at room temperature. Two Mitsumi LVDTs were used 

to monitor laminate thickness throughout the compaction process by measuring distance between 

the two platens.  
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Figure 6.5: Schematic of compaction characterisation experimental setup 

 

Four sets of samples were tested, each consisting of five 150 x 150 mm stacks of each of the 

proposed laminates. Samples were compacted following a cycle designed to closely resemble the 

resin infusion process of the pressure cycling CAPRI methodology. These samples were compacted 

via a force controlled method 16 times, with a pressure ramp of 2000mBar/min. For each 

compaction a pressure of one atmosphere was applied for a period of two minutes. Between 

compactions the sample was allowed to completely relax for a period of 30 seconds by retracting 

the crosshead until there was no longer contact between the injection platen and the stack. These 

parameters were selected based on the process conditions applied during the CAPRI 

manufacturing methodology used in this study. Following the cyclic compaction the sample was 

then held with one atmosphere of compaction pressure while oil was injected until saturation. Once 

this was achieved the compaction pressure was reduced to 400 mBar at a rate of 300 mBar/min, 

simulating the upper limit of the increase in laminate fluid pressure that occurs as resin filling 

progresses during the CAPRI process. The applied pressure was then ramped to 1000 mBar at a 

rate of 120 mBar/min in order to determine the saturated wet compaction response as a function 

of laminate thickness and applied pressure. The complete applied compaction history is depicted 

in Figure 6.6. 
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Figure 6.6: Textile compaction characterisation testing cycle 

In order to facilitate comparison between the two textiles with slight differences in areal weight, 

measurements of laminate thickness have been converted to measurements of laminate fibre-

volume fraction. The transformation from laminate thickness to fibre volume fraction is given in 

Equation 6-1, where Vf, A, n, p and Lt represent fibre volume fraction, textile areal weight, number 

of layers in the layup, fibre density, and laminate thickness respectively. The relationship between 

laminate fibre volume fraction and number of dry compaction cycles is presented in Figure 6.7a, 

with each data point being the average measurement across all experiments. It can be observed 

that for all laminates layup thickness results follow a near perfect power relationship with the 

number of compaction cycles, as described by Equation 6-2, where Ncycles is number of compaction 

cycles, and α and β are fitting parameters. The fitted parameters and R2 value for each layup is 

given in Table 6.5. Figure 6.7b shows the modelled relationship across a total of 100 compaction 

cycles for each of the layups. Textile fibre orientation is shown to influence stack compaction with 

[0/+30/-30] fabric stacks achieving an average 0.017 higher fibre volume fraction than that of 

[0/+45/-45] stacks after 25 cycles. Layup is observed to influence the compaction response of both 

the triaxial textiles. The [0/+30+/-30/+30/-30/0]10 and [0/+45/-45/+45/-45/0]10 stacks have a 0.05 and 

0.03 higher fibre volume fractions than the [0/+30/-30/0/+30/-30]10 and [0/+45/-45/0/+45/-45]10 

stacks respectively after 25 cycles. The higher fibre volume fractions achieved by these stacks can 

be attributed to an increase in interlaminar nesting of the dry fibres, due to the stacks having 

multiple sets of fibre layers in the 0° direction in direct contact.    

 

 
𝑉𝑓 =

𝐴 × 𝑛

𝜌 × 𝐿𝑡
 6-1 

 𝑉𝑓 = 𝛼. 𝑁𝑐𝑦𝑐𝑙𝑒𝑠
𝛽 6-2 

 𝑃𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒 𝑎𝑏𝑠 = 𝑃𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 − 𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 6-3 
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a) 

 

b) 

 

Figure 6.7: a) Measured relationship between fibre-volume fraction and compaction cycles, b) Modelled 

relationship between fibre-volume fraction and compaction cycles 

Table 6.5: Measured power relationship variables for each laminate 

Layup α β R2 

[0/+30/-30/0/+30/-30]10 0.5888 0.0172 0.999 

[0/+30/-30/+30/-30/0]10 0.5940 0.0167 0.999 

[0/+45/-45/0/+45/-45]10 0.5656 0.0213 0.998 

[0/+45/-45/+45/-45/0]10 0.5706 0.0201 0.997 

 

The relationships between laminate thickness and applied pressure established from the 

compaction characterisation can be used to estimate the final thickness and fibre volume fraction 

of the stack based on the laminate pressure at resin cure, which is a directly controlled process 

parameter within the infusion processes. The final wet compaction response as a function of 

laminate thickness and applied pressure were determined for each sample. The pressure-laminate 

thickness curves for the five samples are averaged to form a single correlation between compaction 

pressure and thickness for each layup respectively. This relationship is transformed to a 

relationship between absolute laminate pressure at cure and final part fibre volume fraction using 

Equation 6-3 and 6-1. These curves are presented in Figure 6.8a and b. As observed in the dry 

cyclic compaction stage, textile fibre orientation is shown to influence wet stack compaction with 

[0/+30/-30] fabric stacks achieving an average 0.017 higher fibre volume fraction than that of 

[0/+45/-45] at an absolute laminate pressure of 150mBar. Again, while layup has no significant 

effect on compaction response on the [0/+45/-45] triaxial textile, the [0/+30+/-30/+30/-30/0]10 stack 

has a 0.04 higher fibre volume fraction than [0/+30/-30/0/+30/-30]10 at an absolute laminate 

pressure of 150mBar. 

Based on the results of the dry and wet compaction characterisation tests on the four proposed 

laminates, the [0/+30+/-30/+30/-30/0]10 and [0/+45/-45/+45/-45/0]10 stacks were selected. These 
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stacks maximised the benefit provided by cyclic compaction of the dry fibres, and would achieve 

the highest fibre-volume fraction at cure in the vacuum assisted resin infusion process. Based on 

the modelled compaction cycle behaviour, a total of 20 CAPRI compaction cycles on the dry fibre 

stack was selected for the final infusion process. A post-fill pressure of 150 mBar was selected for 

the infusion process based on the measured relationship between laminate pressure and fibre-

volume fraction, and the relationship between resin pressure, dissolved gas content and saturation 

state. A laminate pressure of 150 mBar would maximise the final laminate fibre-volume fraction, 

while maintaining an undersaturated state for resin degassed for a period of 1 hour at 5 mBar.  

 

a) 

 

b) 

 

Figure 6.8: a) Relationship between compaction pressure and laminate thickness, b) Relationship between 

laminate absolute pressure and fibre-volume fraction 

6.4.2 Influence of Manufacturing Method on Laminate Mechanical Properties 

6.4.2.1 Preliminary Panel Manufacturing 

In order to develop a robust high quality infusion process a series of preliminary test panels were 

manufactured and their quality assessed. These tests were used to define the requirements for 

infusion consumable layup and laminate temperature during infusion. As described in Section 

6.3.2.1, initial infusions were undertaken at room temperature with the consumable layup detailed 

in the schematic in Figure 6.3a. Evaluation of cured laminates revealed that complete wetting of 

the laminate stack was not being achieved. As depicted in Figure 6.9a, the central region of the 

bottom of the stack was not being saturated. Although the use of a semi-permeable membrane 

should have prevented this type of dry spot formation from occurring, the low permeability of the 

stack in the through thickness direction following the cyclic compactions and subsequently long 

wet out length impeded its effectiveness. In order to facilitate easier wet out of the laminate, 

infusion temperature was increased incrementally in 5°C steps to reduce the viscosity of the resin 

up to 50°C. Above this temperature resin gel time was insufficient for full wet out to occur. This 

increase in temperature, and subsequent decrease in resin viscosity, did improve the wetting of the 
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laminate, but dry spot formation did still occur as shown in Figure 6.9b. In order to combat dry 

spot formation, the infusion setup was changed to that detailed in Figure 6.3b, with the 

distribution media placed below the fibre stack. This setup improved the wetting and degassing 

characteristics of the infusion, with through-thickness resin flow and gas removal now occurring 

in the same direction. The change in setup, combined with infusion temperatures being elevated 

to 50°C, resulted in a robust infusion process and full saturation of the dry laminate.  

 

a) 

 

b) 

 

Figure 6.9: Dry spot formation in laminates at infusion temperatures of a) 22°C, b) 50°C 

6.4.2.2 Panel Manufacturing and Testing 

Three series of identical carbon fibre laminates were manufactured via autoclave cured prepreg 

and vacuum assisted resin infusion to determine the influence of manufacturing process on key 

laminate properties. Each series consisted of six laminates, three with [0/+30/-30/+30/-30/0]10 and  

[0/+45/-45/+45/-45/0]10 layups respectively.  

The first test series were autoclave cured prepreg panels with dimensions of 600mm x 200mm. The 

panels were manufactured according to the process specified in Section 6.3.1, and would serve as 

a benchmark against which the two series of vacuum infused panels would be compared. 

The second test series were vacuum assisted resin infusion panels manufactured according to the 

hybrid VAP-CAPRI infusion process specified in Section 6.3.2, with 20 dry compaction cycles, an 
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inlet pressure of 500mBar, a post-fill pressure of 150 mBar, and an infusion temperature of 50°C. 

The panels had in-plane dimensions of 350mm x 200mm due to size limitations of the 

environmental chamber. 

The third test series were vacuum assisted resin infusion panels manufactured according to the 

hybrid VAP-CAPRI infusion process specified in Section 6.3.2, with 0 dry compaction cycles, an 

inlet pressure of 500mBar, a post-fill pressure of 150 mBar, and an infusion temperature of 50°C. 

The panels had in-plane dimensions of 350mm x 200mm due to size limitations of the 

environmental chamber. Although planned as a reference infusion test series manufactured via 

the standard SCRIMP process to serve as a benchmark, manufacturing difficulties as outlined in 

Section 6.4.2.1 made it infeasible to produce laminates that could undergo mechanical testing 

without the use of a VAP membrane. Subsequently, the test series was instead used to investigate 

the effect of removing cyclic preform compaction from the hybrid VAP-CAPRI process.  

Tests undertaken on the three series of panels included analysis of void content, fibre volume 

fraction, and mechanical testing of laminate compression strength, failure strain, and interlaminar 

shear strength. Five 25 x 25 mm samples were used to estimate the average void content at the 

inlet and outlet of each of the panels manufactured through microscopy. The samples were encased 

in West Systems 105 epoxy and polished on a Buehler Ecomet 300 polishing machine up to P3000 

grit. The polished surface of the sample was then photographed in 15 sections using a high power 

microscope, capturing the entire sample width and height. The individual images were then 

stitched into a single full field image using the software package AutoStitch. ImageJ image 

processing software was used to manually designate voids through user based boundary selection. 

These images were then processed via a Matlab script that binarised the images into void and non-

void areas. The ratio of void area to total cross sectional area was used to estimate sample void 

fraction. 

Fibre volume fraction tests were undertaken on the panels in accordance with ASTM D3171 – Test 

Method II to assess the influence of manufacturing process on laminate fibre-volume fraction. Five 

samples were tested from the inlet and outlet of each panel. Test specimens had dimensions of 25 

x 25 mm, with a nominal thickness of 3 mm.  

Combined loading compression tests were undertaken on the panels in accordance with ASTM 

D6641 to assess the influence of manufacturing process on laminate compressive strength and 

failure strain. Six samples were tested from the centre of each panel. Test specimens had a 

standard width of 13 mm and length of 140 mm, and a nominal thickness of 3 mm. Samples were 

strain gauged on both sides to ensure buckling was not occurring, with average strain being used 

to determine stiffness and strain to failure. Short-beam strength tests were undertaken on the 

panels in accordance with ASTM D2344 to assess the influence of manufacturing process on 

laminate interlaminar shear strength. Seven samples were tested from the centre of each panel. 

Test specimens had a standard width of 6 mm and length of 18 mm, with a nominal thickness of 3 

mm. 
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6.5 Results and Discussion 

6.5.1 Influence of Manufacturing Method on Laminate Properties 

Table 6.6: Summary of key results of the influence of manufacturing method on laminate properties 

 [0/+30+/-30/+30/-30/0]10 [0/+45/-45/+45/-45/0]10 

Total Degassing Time Prepreg Infusion Infusion Prepreg Infusion Infusion 

Dissolved Oxygen [mg/L] - 1.9 2.0 - 1.8 1.9 

Compaction Cycles 4 20 0 4 20 0 

Fibre-Volume Fraction 0.575 0.608 0.582 0.567 0.600 0.570 

Void Content – Inlet 0.33 0.18 0.15 0.34 0.27 0.19 

Void Content – Outlet  0.32 0.15 0.15 0.33 0.16 0.20 

CLC Strength [MPa] 596 597 656 552 590 553 

CLC Failure Strain [%] 1.24 1.19 1.17 1.47 1.58 1.50 

ILSS [MPa]  71.7 64.3 64.0 68.8 64.5 63.8 

 

Key results from the investigation on the influence of manufacturing process on laminate 

properties are summarised in Table 6.6. The average dissolved oxygen content of the resin used in 

the vacuum assisted resin transfer process panels ranged from 1.8 – 2.0mg/L, below the saturation 

content of 2.7mg/L at 150mBar as calculated via Equation 4-1 in Chapter 4. 

 

6.5.1.1 Void Content 

a) 

 

b) 

 

Figure 6.10: a) Average measured sample void content, b) Average measured sample fibre-volume fraction  
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 6.11: Polished laminate cross-section for a) cyclically compacted [0/+45/-45/+45/-45/0]10 0°, b) 

cyclically compacted [0/+45/-45/+45/-45/0]10 90°, c) prepreg [0/+45/-45/+45/-45/0]10 0°, d) prepreg [0/+45/-

45/+45/-45/0]10 90°,  

Figure 6.10a shows the measured void content for each manufacturing method and layup, averaged 

across the inlet and outlet. All samples achieved void contents below 0.4%, being an accurate 

representation of high quality manufacturing processes. Manufacturing methodology was observed 

to influence void content, with infused samples having measured void contents 0.16% and 0.12% 

lower than autoclave cured prepreg samples when averaged across all samples for the [0/+30+/-

30/+30/-30/0]10 and [0/+45/-45/+45/-45/0]10 layups respectively. Examples of the void distribution 

found in the samples is shown in Figure 6.11, with enhanced views of voids in Figure 6.12. For the 

infused samples it can be seen that there is no substantial void formation in either intra-tow or 

inter-tow regions, with small voids occurring in isolation throughout the laminate. The consistently 

low void content can be explained by the ability of undersaturated resin to absorb entrapped air 
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back into solution. Although bubbles will not form in undersaturated resin due to dissolved gasses 

nucleating and coming out of solution, air can still be entrapped as a result of differences in inter-

tow and intra-tow resin velocities. In undersaturated resins this entrapped air dissolves into the 

surrounding resin until resin reaches local saturation or the bubble is depleted. For the autoclave 

cured prepreg samples void formation is observed as being more clustered, with larger voids 

typically being present at interlaminar interfaces as shown in Figure 6.11c and d. This void 

formation is likely due to the entrapment of air between layers during the layup process, or the 

release of water vapour from moisture absorbed by the prepreg epoxy during storage or layup [113].  

Cyclic compactions in the infusion methodology did correlate with a small 0.025% and 0.015% 

increase in void content when compared to laminates that did not undergo debulking for the 

[0/+30+/-30/+30/-30/0]10 and [0/+45/-45/+45/-45/0]10 layups. This increase is not statistically 

significant however, due to the relatively large standard deviations, with t-tests returning p-values 

of 0.74 and 0.75. Layer orientation was not observed to significantly influence void content, with 

no statistically significant difference observed between the two layups for the prepreg, or infusion 

manufacturing processes.  

 

a) 

 

b) 

 

Figure 6.12: a) Representative element of infused laminate, b) Representative element of prepreg laminate 

6.5.1.2 Fibre Volume Fraction 

Figure 6.10b details the measured fibre volume fraction for each manufacturing method and layup, 

averaged across the inlet and outlet. Manufacturing methodology was observed to influence fibre-

volume fraction, with cyclically compacted infused samples having measured fibre-volume 

fractions 0.033 higher than autoclave cured prepreg samples when averaged across all samples for 

the [0/+30+/-30/+30/-30/0]10 and [0/+45/-45/+45/-45/0]10 layups. Cyclic compactions in the infusion 

methodology did substantiate a marked increase in fibre-volume fraction when compared to 

laminates that did not undergo debulking, with cyclically compacted laminates having average 
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fibre volume fractions 0.03 and 0.026 higher than non-compacted laminates for the [0/+30+/-

30/+30/-30/0]10 and [0/+45/-45/+45/-45/0]10 layups. Layer orientation was observed to slightly 

influence volume fraction, with [0/+30+/-30/+30/-30/0]10 laminates observed to have volume 

fractions 0.008, 0.01 and 0.012 higher for prepreg and cyclically and non-cyclically compacted 

infusions. Overall, the hybrid CAPRI-VAP infusion method performed well, producing laminates 

with fibre-volume fractions of 0.61 and 0.60 for the [0/+30+/-30/+30/-30/0]10 and [0/+45/-45/+45/-

45/0]10 layups. These values are comparable with high performance prepreg laminates, whose 

volume fractions typically range from 0.6 to 0.66 for aerospace applications [173]. No difference in 

fibre volume fraction was observed between inlet and outlet ends of the panels. The fibre volume 

fractions achieved are 0.014 and 0.007 lower than those predicted by the material compaction 

characterisation in Section 6.4.1. This difference is similar to that observed for the compaction 

characterisation of the CAPRI process in Chapter 3 Section 3.6. Using the measured relationship 

between compaction cycles and fibre volume fraction in Section 6.4.1, with a higher number of 

compaction cycles on the dry laminate it is probable that laminates manufactured via the hybrid 

CAPRI-VAP infusion method could achieve volume fractions equal to the higher end of what is 

possible with autoclave cured prepreg. Accounting for the discrepancy between predicted and 

measured laminate thicknesses, using Equation 6-2 it can be estimated that after 100 cycles that 

fibre volume fractions approaching 0.64 could be achieved.  

  

a) 

 

b) 

 

Figure 6.13: a) Average measured sample compression strength, b) Average measured sample failure strain 

in compression testing 
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a) 

 

b) 

 

Figure 6.14 a) Side on view of brooming failure observed in [0/+45/-45/+45/-45/0]10 laminates, b) Front on 

view of transverse failure observed in [0/+30+/-30/+30/-30/0]10 laminates 

6.5.1.3 Compression Strength 

The results of the combined loading compression strength tests with one standard deviation error 

bars are presented in Figure 6.13a, with measured strain to failure presented in Figure 6.13b. The 

methodology used to manufacture the laminate was not observed to have a clear impact on 

compression strength, with cyclically compacted infused samples having 7% higher strength than 

autoclave cured prepreg samples with the [0/+45/-45/+45/-45/0]10 layup, but no observed difference 

in strength between methods for the [0/+30+/-30/+30/-30/0]10 layup. Manufacturing methodology 

was also not observed to have a clear impact on failure strain. While cyclically compacted infused 

samples had 0.1% higher strains than autoclave cured prepreg samples for the [0/+30+/-30/+30/-

30/0]10 layup, failure strain for infused samples was 0.05% lower for the [0/+45/-45/+45/-45/0]10 

layup. Cyclic compactions in the infusion methodology did result in an increase in compression 

strength when compared to laminates that did not undergo debulking, with cyclically compacted 

laminates having average compression strengths 7% and 6% higher than non-compacted laminates 

for the [0/+30+/-30/+30/-30/0]10 and [0/+45/-45/+45/-45/0]10 stacks. Statistical analysis showed cyclic 

compactions to have no statistically significant influence on failure strain for each fibre layup, 

returning p-values of 0.1 and 0.26.  

Substantially different failure modes were observed between the two layups, as detailed in Figure 

6.14. For laminates with [0/+45/-45/+45/-45/0]10 orientations all samples regardless of 

manufacturing method were observed to fail in a brooming manner in the centre of the gauge 
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length. Laminates with [0/+30+/-30/+30/-30/0]10 layer orientations experienced identical 

transverse failures. In all cases, failure initiated in the gauge region and propagated along either 

the +30° or -30° direction. This difference in failure mode is a possible explanation for the reduced 

failure strain in [0/+30+/-30/+30/-30/0]10 laminates when compared with the [0/+45/-45/+45/-45/0]10 

samples.  

The presented results show for laminates with identical fibre structures and similar resin 

properties that manufacturing via vacuum assisted resin infusion can achieve strengths that are 

equivalent to autoclave cured prepreg. Additionally, with a high level of cyclic compactions and 

resulting increase in fibre volume fraction, it is possible that the compression strength of the 

vacuum infused laminate would exceed that of prepreg. However, it should be noted that this 

comparison is for laminates with identical fibre reinforcements. If a traditional homogenous 

prepreg was used to manufacture a laminate consisting of single unidirectional layers it is possible 

that it’s strength would be greater than that of triaxial prepreg used in this study, due to decreases 

in fibre waviness [186]. 

6.5.1.4 Interlaminar Shear Strength 

The results of the short beam strength tests with one standard deviation error bars are presented 

in Figure 6.15. Laminate manufacturing methodology was observed to influence interlaminar 

shear strength, with infused samples having measured interlaminar shear strength 7% and 10% 

lower than autoclave cured prepreg for [0/+30+/-30/+30/-30/0]10 and [0/+45/-45/+45/-45/0]10 layups 

respectively. Cyclic compactions during the infusion manufacturing process did not influence 

laminate shear strength. ANOVA analysis of the results from the four infused laminate types 

returned a p-value of 0.94, showing there is no statistically significant difference in strength 

between the samples.  

 

 

Figure 6.15: Average measured sample interlaminar shear strength 
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These results show for laminates with identical fibre structures that manufacturing via autoclave 

cured prepreg has resulted in higher interlaminar shear strengths. Given that interlaminar shear 

strength is a resin dominated property, the observed difference in strength between infused and 

prepreg samples is likely a consequence of mechanical properties of the resin system used in each 

method. Although the two resin systems have similar Youngs modulus, the EP-280 prepreg resin 

system has a substantially higher flexural strength of 146-156 MPa, as compared to 115 MPa for 

Prime 27. If a resin system with suitable working properties and strength equivalent to that of EP-

280 could be sourced, it is possible that the interlaminar shear strength of the vacuum infused 

laminate would match that of the prepreg. However, again it should be noted that this comparison 

is for laminates with identical fibre structures. 

6.6 Conclusions 

A series of experiments concerning the mechanical characteristics of carbon fibre laminates have 

been performed to determine how closely a highly refined resin infusion process can match the 

performance of the traditional autoclave prepreg manufacturing process. Through the use of 

process improvements, including changes to the infusion process, and control of environmental 

influences such as moisture and dissolved gasses, a highly refined infusion process was developed. 

This study provided a comparison on part quality between this highly refined vacuum assisted 

resin infusion process and autoclave prepreg manufacturing methods. Studies undertaken 

included assessing the compaction response of different laminate layups, determining the optimum 

infusion methodology and parameters, and comparative tests of laminate physical characteristics 

and strength between resin infused and autoclave cured prepreg panels.  

Concerning laminate physical properties, the resin infusion process was shown to outperform 

autoclave cured prepreg in terms of both fibre-volume fraction and void content. Infused samples 

had average measured void contents ~0.14% lower and fibre-volume fractions 0.033 higher than 

autoclave cured prepreg. With additional compaction cycles fibre volume fractions of 0.64 are 

theoretically utilising these materials and the developed infusion process.  

Concerning laminate strength, the resin infusion process was able to match the performance of 

autoclave cured prepreg in compression but not interlaminar shear. Infused samples had average 

combined loading compression strengths 3.5% higher than prepreg, but interlaminar shear 

strength was measured to be 8% lower. The lower interlaminar shear strength of the infused 

samples is partially attributable to the lower strength of the infusion resin system. If a higher 

performance infusion resin system was utilised, it is anticipated that laminate strengths resulting 

from the two manufacturing processes would be equivalent.  

This work represents a comprehensive development and implementation of the knowledge gained 

from studies on infusion methodologies and process environmental conditions, covering a wide 
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range of key characteristics required to design and develop robust manufacturing processes. The 

results of the study show that a highly refined resin infusion process can produce laminates that 

match the quality of autoclave cured prepreg without the inclusion of process changes that 

negatively impact the cost and flexibility of infusion manufacturing. 
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7  
Effects of Variability in Preforming 

Processes on RTM Filling Behaviour 

7.1 Introduction 

7.1.1 Preforms in Resin Transfer Moulding 

As fibre reinforced plastics gain popularity in the automotive and aerospace sectors, the resin 

transfer moulding (RTM) process is being increasingly utilised. Fibre preforms are a critical semi-

finished product in the manufacturing process chain, the properties of which are very influential 

on the subsequent resin infusion stage of RTM. Due to the large numbers of parts that need to be 

produced for even moderate scale automotive production, relatively low cost fibre reinforcements, 

and highly automated preforming processes are required to meet cost targets for this industrial 

sector. 

The fibre compaction and resin injection phases of RTM have been the primary foci of the research 

on this manufacturing process, with a large amount of studies being completed on innumerable 

aspects. This includes the development of textile compaction simulations, process optimisation on 
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parameters such as resin viscosity, flow front speed and control, injection pressure, mould 

temperature. Numerous simulations tools have been developed to effectively model key aspects of 

the process, such as textile compaction, resin flow through the preform on a multitude of scales, 

cure progression, and void formation. Through this research the resin injection process can be 

thoroughly understood and modelled accurately, allowing for effective process design.  

Manufacture of the fibre preform, the fibrous skeleton responsible for the stiffness and strength of 

the finished component, is a key step prior to infusion with a polymeric resin. However, this aspect 

of the RTM manufacturing process has seen significantly less attention than its resin infusion 

counterpart. In previous studies, researchers have investigated the influence preform textile 

properties such as fibre reinforcement structure, thickness, and fibre volume fraction have on 

mould filling in the RTM process [78]–[80]. A summary of these previous findings is that layer 

thickness, tow structure, and curvature geometry can all significantly affect local permeability and 

required resin driving pressure, and consideration must be made for their effects and interactions 

when designing a manufacturing process. Studies have also shown that the effect of reinforcement 

architecture on resin flow through fibrous reinforcements can be utilised as a part of process 

optimisation, significant changes in mould filling rates being possible through varying preform 

structure [86].  

7.1.2 Preforming Methodologies 

However, it is not only the preforms textile and geometrical properties that impact the important 

resin injection process. The preforming technique utilised to hold the three-dimensional fibre 

structure in the desired geometry can also significantly alter key properties of the textile, the 

effects of which need to be thoroughly understood to inform manufacturing process design. There 

are a wide range of preforming methodologies, including stitching, tufting, weaving, braiding, 

knitting, and the use of binders and tackifiers, all of which have wide ranging and significantly 

different impacts on preform properties. 

Mechanical interlocking processes, such as stitching and tufting, require penetration of the textile 

layers by threads. This penetration disturbs the uniform placement and orientation of the fibres 

in the textiles, resulting in resin rich areas and fibre kinks in the final composite part, both of 

which can impact laminate mechanical properties [87], [88]. Although a number of studies in this 

area have contradictory findings, the general consensus in the literature is that mechanical 

interlocking processes improve out of plane dominated properties, such as interlaminar shear 

strength and impact resistance, while decreasing in-plane dominated properties such as 

compression strength [187]. Interlocking of the preform layers can also leading fibre warpage when 

the preform requires a high level of deformation and shear, when being compressed into the RTM 

mould [188]. 

Weaving, braiding and knitting all involve the formation of three-dimensional preforms without 

the requirement of additional interlocking materials. Three dimensional fabric structures 
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manufactured via these methods have higher permeability than preforms created from stacked 

two-dimensional layers, with wet-out being aided by yarns in the z-axis that act as capillary 

channels [89]. The higher permeability and resulting easier wet-out reduces RTM cycle time, 

saving on unit costs [90]. Similar to stitching, the fibres in the z-direction improve out-of-plane 

properties, including impact tolerance. These preforming processes facilitate the creation of near-

net fabric shapes that can be directly moulded into complex three-dimensional components, leading 

to their application in aerospace, maritime, infrastructure, and medical fields [189]. However, the 

benefits of being able to manufacture net-shape preforms via these methods comes with inherent 

disadvantages. Researchers have reported reductions in in-plane properties of between 10-50%, 

depending on manufacturing method, when compared to traditional two-dimensional non-crimp 

fabric preforms. This reduction is attributed to an increase in fibre crimping, misorientation, and 

damage during the forming process [91]–[93]. Weaving, braiding and knitting also impose unique 

restrictions on preform manufacture due to the nature of the processes. For braiding, significant 

restrictions exist on preform size and fibre orientation. Changes in the cross sectional area of a 

part as the braid progresses forces changes in braid angles, which typically range from 10-85° [190]. 

Due to their costs and restrictions on manufacture, these processes are typically not able to 

compete with two dimensional laminates on cost or volume [191].  

The use of binders to hold preforms in the desired geometry is a popular approach in the automotive  

and aerospace sectors, that affords a simplified preforming process [94]. Creating a binder coated 

reinforcement is a relatively simple process and a wide range of textiles can be selected as a feed 

stock. The binderising process involves depositing small volumes of granulated binder on the 

surface of the textile and then sintering these in place. The binders are usually thermoplastic or 

epoxy based, and selected to be compatible with the desired resin systems so that the presence of 

the binder does not negatively impact laminate mechanical properties [95]. Unlike stitching or 

tufting, which require a manual interlocking of textile layers through the use of threads, or 

weaving, braiding and knitting, which required large and complex machinery, binders only require 

activation and the forming of the textile into the desired shape. In the case of thermoplastic or heat 

activated thermoset binders this involves heating of the binder to above the glass transition 

temperature, followed by the compaction or vacuum forming of the textile into the final preform 

geometry. Once the binder has cooled and solidified the preform is held in shape.  

7.1.3 Influence of Binder on Preform Properties 

Although the use of binders does afford low cost and high volume preform production without 

introducing crimping or misorientation to the fibre tows, it can impact preform properties that 

affect subsequent manufacturing steps. Studies to investigate the effect of binder systems on 

preform flow resistance have found that the application of binder to a textile can significantly 

reduce in-plane preform permeability [96], [97]. Investigations comparing the effects of inter-layer 

and intra-layer binder on resin injection found that textile permeability is not greatly affected by 
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intra-layer binder coverage. The flow of resin through the preform was more significantly 

influenced by the obstruction of flow channels between tows then blockages within tows caused by 

binder [192].  Research by Becker et al and Mitschang et al has shown that activated binder in 

preforms also reduces the out of plane permeability, and influences hydrodynamic compaction 

during compression resin transfer moulding [193]. As the activated binder reduced flow in the 

through thickness direction this resulted in a hydrodynamic compaction of the preform as fluid 

pressure increased on the upper surface. This hydrodynamic compaction further reduces through-

thickness permeability, resulting in a significant increase in through-thickness wetout periods 

[194].  

7.1.4 Influence of Preforming Parameters on Binder 

Forming parameters can additionally modify the impact that the binder has on preform properties. 

The influence of compaction and preforming parameters on the compaction behaviour of binder 

coated preforms have been investigated by Wu et al [98]. The influence of compaction temperature, 

binder activation temperature, binder content and binder activation time were studied with respect 

to their effect on fibre-volume fraction and residual preform thickness. Compaction temperature 

was found to be most influential on both characteristics, with binder content having a less 

significant impact. Further studies by Fenske built on these findings, investigating the effect of 

preform heating temperature, heating pressing thickness, heating time, and cold pressing 

thickness. The results showed that pressing thickness during the preform forming stage has a 

significant impact on the compaction response of the manufactured preform [100]. An inverse 

relationship was observed between pressing thickness and compaction force required to compress 

the preform to its target thickness. Additionally, Fenske also found permeability to be significantly 

influenced by heating temperature, reinforcing Wu et al’s findings [98]. Fenske reported an inverse 

relationship between heating temperature and preform permeability. From these and previous 

findings it is clear that changes to the morphology of the binder within the textile structure are 

the key influence that preforming parameters have on altering preform properties. It is 

behavioural changes of the binder under varying preforming parameters which manifest in 

changes in preform properties. Fenske reported that overall the two most influential preforming 

parameters were binder heating temperature and cold press compaction thickness. He reached the 

conclusion that the effects on preform properties were the result of binder relocation during the 

preforming process [100]. It was theorised that as heating temperature increased, binder viscosity 

decreased, leading to binder being drawn into fibre tows through capillary action. This would result 

in increased permeability as binder now resides within fibre bundles, increasing available area for 

resin flow in the inter-tow channels. This theory was reinforced by Shih et al, who observed 

comparable results when experiments were conducted on the influence of tackifiers. Results of the 

experiments again showed that it was the location of tackifier that affects preform permeability 

and compaction [99]. Shih et al summarised that increasing heating temperature results in binder 
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migrating from the exterior to the interior of the fibre tows, causing the fibre tows to contract, 

increasing the area of flow paths between tows which results in an increase of preform permeability. 

On the contrary, when binder is not drawn into the fibre tows due to lower heating temperatures, 

the permeability of the preform is significantly reduced. Overall, it has been demonstrated that 

preforming parameters can significantly influence binder, and subsequently have a pivotal role in 

altering resin flow characteristics during resin injection in the RTM process. However, thorough 

research has yet to be conducted on how alterations to binder location, caused by key preforming 

parameters, influence mould filling behaviours and final laminate properties. 

7.1.5 Flow Channels in Resin Transfer Moulding 

Due to the influence on preform permeability caused by the use of binder, steps have been taken 

by RTM mould designers to counteract the resultant increase in filling times. A common solution 

is the inclusion of resin flow channels in the mould surface. These channels originate at the resin 

inlets and provide a low resistance flow path for fluid flow to critical regions of the mould. This 

preferential flow allows for the alterations of the resin flow front to prevent issues such as dry 

spots and race-tracking [195], [196]. The use of flow channels results in significant increases in 

mould filling speed and reductions in required injection pressure, allowing for large parts to be 

manufactured in a single shot with low cycle times [197], [198]. Investigations by Bickerton et al. 

found that the incorporation of a 3mm resin flow channel resulted in reductions of injection 

pressure and moulding filling time of 80% and 30% respectively [197]. Flow channels can also be 

used to improve the reliability and robustness of the resin injection process. By channelling resin 

to key areas the likelihood of air entrapment is significantly reduced. The effect of localised 

variations in preform permeability are also negated, removing the influence that textile defects 

created during the preforming process, such as folds or regions of excessive textile shearing, have 

on the resin flow front [199]. Unfortunately, the addition of flow channels to the RTM mould surface 

compromises the mechanical performance of the cured laminate. Fibres are observed to undulate 

into the flow channel, with the degree of undulation dependent on channel geometry and preform 

fibre orientation [200]. This undulation and its effect on fibre orientation can result in significant 

reductions in laminate mechanical properties, with decreases in tensile strength of up 70% being 

reported [201]. The effects on laminate damage initiation and evolution are also significant in the 

cases of cyclic loading and fatigue, with the results from Karumbaiah et al [200] demonstrating 

that resin flow channels can have a detrimental effect on laminate strength, particularly in the 

case of compression loading.  

7.1.6 Study Objectives 

Previous research has investigated the effect of the addition of binder to preforms, finding that it 

commonly results in a reduction in preform permeability and compaction resistance. Additionally, 

the influence of preforming parameters on preform properties have been identified, with variables 

that effect binder geometry and location shown as being most influential, namely heating 
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temperature and compaction thickness. However, thorough research has yet to be conducted on 

how alterations to binder location, caused by key preforming parameters, influence mould filling 

behaviours and final laminate properties. This study investigates the influence of the identified 

key preforming parameters, heating temperature and compaction thickness, on all downstream 

processes and final part properties. This includes studies of preform compaction resistance, binder 

morphology, permeability, RTM mould filling behaviour, and final laminate quality.  

In addition to this, the viability of utilising localised changes in preforming parameters to alter 

filling behaviour was assessed. As previously discussed, the use of resin flow channels to mitigate 

the influence of binder on filling times can have significant negative impacts on laminate strength. 

Additionally, previous studies on compression transfer moulding found that binder could cause 

hydrodynamic compaction of preforms, due to combined effects of reduced through-thickness 

permeability and compaction resistance that resulted in significant changes in mould filling 

behaviour. Investigations were undertaken here on the feasibility of using localised changes in 

preform filling, brought about through changes in preform manufacturing parameters, as an 

alternative to the use of resin flow channels.  

7.2 Material Details and Layup Properties 

7.2.1 Fibre Reinforcement 

An SGL ACF supplied carbon fibre unidirectional non-crimp fabric (NCF) was used in this study, 

being the same textile used in precursory investigations on preforming parameters by Fenske [100]. 

The textile materials include 10gsm of a non-reactive thermoset binder material sintered to one 

side, to facilitate interlaminar bonding in the stacks after preforming. The fabric consisted of SGL 

C240 standard modulus carbon fibres in the principle direction, with a small amount of fiberglass 

acting as a stabiliser for the stitching at an orientation of 90°. Full textile specifications are 

provided in Table 7.1.  

Table 7.1: Textile Specifications 

Textile 330gsm 

Areal weight [g/m2] 330 

Stitching Tricot 

Binder weight [g/m2] 10 

7.2.2 Laminate Stack Layup 

The layup utilised for all presented experimental studies consisted of nine layers of the 330gsm 

NCF with the following orientations: [+45°/-45°/0°/90°/0°/90°/0°/-45°/+45°]. Layers were oriented 

such that the binder coated side faced towards the centre of the stack, being flipped about the fifth 

layer. The stacks produced ranged from 100x100mm to 345x445mm, dependent on the test being 

conducted, all with a nominal fibre volume fraction of 0.54 at a target part thickness of 3.12mm.   



7.3 Experimental Apparatus and Methodology  163 

  

 

7.2.3 Resin System 

Gurit Prime 20 LV, a bisphenol-A-(epichlorohydrin) room temperature curing thermoset epoxy was 

selected as the resin transfer moulding resin system for this study, paired with Gurit Prime 20 LV 

Slow Hardener. This resin system was selected based on intended use in resin infusion of high-

performance structures, and low viscosity. The ratio of resin to hardener was 100-27 by weight. 

Key working and mechanical properties of the components and mixed resin system as provided by 

the manufacturer are detailed in Table 7.2 [43].  

 

Table 7.2: Gurit Prime 20 properties 

Working Properties 
Density 

[g/cm3] 

Viscosity at 

35°C [mPa.s] 

Mix Ratio 

by Weight  

Resin 1.12 290 - 310 100 

Hardener 0.94 12 - 14 27 

Mixed Resin 1.08 172 - 182 - 

Mechanical Properties    

Tensile Strength [MPa] 73   

Tensile Modulus [GPa] 3.5   

Ultimate Elongation [%] 3.5   

7.3 Experimental Apparatus and Methodology 

7.3.1 2D Preforming:  

Preforming of the samples was achieved using a two-stage pressing process. Stacks were placed in 

a heated flat platen press set to a target temperature and compressed to a target thickness for a 

period of 30s. The stacks were then removed from the heated press and placed in a secondary cold 

press, with a transfer time of 15s. The cold press was used to compress the stack to a second target 

thickness, with a pressing period of 30s. Pressing thicknesses and temperatures for the hot and 

cold presses were adjusted depending on the target properties of the preform sample to be 

manufactured. 

7.3.2 Non-Destructive Preform Testing:  

Non-destructive testing of the preforms was achieved using a combined compaction and flow 

resistance testing device developed at the University of Auckland, Centre for Advanced Composite 

Materials [202], [203]. The device consists of upper and lower platens, each with a 60mm diameter 

circular compressive area. Air is used to measure flow resistance non-destructively, utilising 

different platen sets to measure in-plane or through-thickness flow resistance. The test platens are 

mounted via a spherical alignment unit in an Instron 1186 Universal Testing Machine (UTM), 
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which is utilised to achieve precise control of sample compaction. For this experimental series only 

compaction resistance was measured. 

Compaction resistance of a sample was measured by placing a preform sample between the upper 

and lower platens of the device and compressing it to a target thickness of 3.12mm, with a 

crosshead travel speed of 10mm/min. The peak force reading achieved during compaction was then 

divided by the area of the test section to give an average compaction stress, taken to be the measure 

of sample compaction resistance in this study. 

7.3.3 Destructive Preform Testing 

7.3.3.1 Binder Morphology:  

Interlaminar binder morphology was studied in order to discern the influence of preforming 

parameters on the epoxy binder used to facilitate stack bonding during the preforming process. 

Samples were peeled apart by hand after undergoing preforming, and the binder coverage on each 

individual textile layer was analysed. Images were taken of the binder covered and non-binder 

covered sides of the textile using a Leica MZ16 stereo microscope set. Captured images were then 

processed via Matlab to form binarised figures of binder coverage. Matlab’s image analysis toolbox 

was then used to determine characteristics of each laminate layer including the total binder 

coverage ratio, which is the ratio of total area covered by binder to the total sample area.   

7.3.3.2 Permeability:  

In-plane and though-thickness permeability were measured to determine the influence of preform 

parameters on resin flow resistance through the stack in both directions. In-plane permeability 

was measured via an unsaturated radial permeability test rig that tracked 2D radial flow front 

progression as oil was injected through the sample at a constant pressure [204], [205]. Samples 

were compacted between two parallel surfaces with a glass lower platen, while fluid was injected 

radially through the sample at a constant pressure. Fluid mass flow with time, and pressure drop 

from injection port to flow front were measured. A high-resolution CCD camera was used to track 

flow front progression. Heavy medium Mobil DTE ISO VG 100 oil was used as a resin substitute. 

The set-up for in-plane permeability testing is shown in Figure 7.1. The set-up consisted of an 

upper steel injection head and a lower elevated glass plate mounted on an Instron 1186 UTM. 

Through thickness permeability was measured via a saturated permeability test rig that measured 

pressure loss as oil was injected through the sample in the out of plane direction at a constant 

pressure[204], [205]. Samples were compacted between two parallel surfaces covered with 2mm 

diameter holes in a hexagonal pattern to facilitate flow, while fluid was injected through the sample 

at a constant pressure as fluid mass flow and pressure drop across the sample were measured. The 

outer edges of the sample were sealed via a tackifier elastic tape and an acrylic shroud in order to 

prevent race tracking. Heavy medium Mobil DTE ISO VG 100 oil was used as a resin substitute. 

The set-up for through-thickness permeability testing is shown in Figure 7.2. The set-up consisted 

of two aluminium heads sealed within a cylindrical shroud mounted on an Instron 1186 UTM. 
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Figure 7.1: In-plane permeability measurement test rig 

 

Figure 7.2: Through-thickness permeability measurement test rig 

7.3.3.3 Mould Filling Flow Visualization:  

Observation of the mould filling behaviour within the 2D preforms was achieved through the use 

of a glass bottomed flow visualization tool, with heavy weight Mobile DTE ISO VG 100 oil being 

used as a resin substitute. As seen in Figure 7.3, the setup consists of an upper tool steel mould 

and a lower elevated glass plate mounted in an Instron 1186 UTM.  
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Figure 7.3: Mould filling flow visualisation test rig 

The upper mould is mounted to a spherical alignment unit to ensure parallelism with the glass 

plate against which it seals. It has a 275x275x3.12mm cavity into which the preform is pressed, 

with a 2.34mm pinch off around the other edges to reduce race-tracking during filling. Full 

technical drawings can be found in Appendix A. The mould includes a single injection port feeding 

a 10mm wide line injection gate to produce rectilinear mould filling behaviour. Two 5mm diameter 

vents are positioned at the corners opposite to the linear gate. The glass plate is mounted to the 

lower UTM crosshead and is pressed against a rubber O-ring set into the upper mould to create a 

sealed cavity. A vacuum pump was attached to the two vents in the upper mould and was used to 

reduce the cavity pressure to lower than 20mBar prior to testing. A pressurised reservoir is used 

to pump oil to the inlet, with the pressure being controlled via a Norgren digital pressure regulator. 

Cavity inlet and outlet pressures were monitored via Impress IMP-G1002 0-5bar digital pressure 

transducers, while a thermocouple and digital scale were applied to record oil temperature and 

mass in the reservoir. High resolution images of the cavity were captured at a constant rate via a 

digital camera controlled using XCAP image capturing software.  

 

The test procedure consisted of the following stages: 

 Placing the preform on the glass plate and compressing it into the upper mould cavity 

 Activating the vacuum pump and reducing the cavity pressure to below 20mBar 

 Pressurising the oil reservoir to the desired pressure 

 Activating image capturing and data acquisition 

 Opening the inlet valve to commence filling 

 Cessation of testing once the cavity has sufficiently filled 
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Images captured during each test were post processed via a series of Matlab scripts. These scripts 

were used to produce polarized mould filling images and combined flow front progression diagrams, 

as demonstrated in Figure 7.4. 

  

   

   

 

 

 

Figure 7.4: Post processing of images showing original cropped images, polarized flow fronts, and resultant 

combined flow front progression diagrams. 
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7.3.4 RTM Panel Manufacturing 

 

Figure 7.5: RTM panel manufacturing setup 

Manufacture of flat composite panels was achieved through resin transfer moulding. As seen in 

Figure 7.5, the RTM setup consists of two mould halves mounted in a 200 ton heated hydraulic 

press. The upper and lower mould combine to form a 350x450x3.12mm cavity into which the 

preform is pressed, with a 2.34mm pinch off around the other edges to reduce race-tracking during 

filling. The upper mould includes a single injection port feeding a 10mm wide line injection gate to 

produce rectilinear mould filling behaviour. Two 5mm diameter outlet vents are located at the 

corners opposite to the linear gate in the pinch off area. Two 6mm O-rings around the cavity 

perimeter seal the mould upon closing. Full technical drawings can be colcated in Appendix B. A 

vacuum pump was attached to the two vents in the upper mould and was used to reduce the cavity 

pressure to lower than 20mBar prior to testing. A pressurised reservoir is used to pump resin to 

the inlet, with the pressure being controlled via a Norgren digital pressure regulator. Inlet and 

outlet reservoir pressures were monitored via Impress IMP-G1002 0-5bar digital pressure 

transducers, while a thermocouple and digital scale were used to record mould temperature and 

resin mass in the inlet reservoir.   

The manufacturing procedure started with the mould being heated to a temperature of 35°C. Once 

the mould temperature was equalised the fibre preform was placed in the lower mould half. The 

mould was then closed and sealed, with a force of 100 tons being applied by the press. Vacuum was 

then applied to the outlet reservoir, reducing the cavity pressure in the mould to ~15 mBar. The 

resin components were then mixed and placed in a room temperature water bath in the inlet 

reservoir. The water bath was used to prevent excessive exotherm from altering the resins viscosity 

or degree of cure. The inlet reservoir was then pressurised to 4 Bar. Once the pressure stabilised 
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the scale was zeroed, and data acquisition was initiated. The resin injection process could then 

begin. Mould filling was commenced with the opening of the inlet valve. Once resin was observed 

to flow from both outlet lines the outlet valve was closed and filling ceased. Throughout resin cure 

the mould temperature and inlet pressure were maintained at 35°C and 4 Bar respectively. 

Demoulding occurred after 24 hours. Following resin cure all manufactured panels were post cured 

simultaneously at elevated temperature in an oven to ensure complete crosslinking of the resin 

was achieved. The post cure cycle consisted of a temperature increase from 20°C to 80°C at a rate 

of 2°C per minute. Temperature was held at 80°C for 10 hours before decreasing back to room 

temperature at a rate of 2°C per minute. 

7.4 Effect of Preforming Parameters on Preform Properties 

7.4.1 Experimental Program:  

Table 7.3: Preforming parameter sample combinations 

Parameter 

Combination 

Hot Press 

Temperature (°C) 

Hot Press 

Thickness (mm) 

Cold Press 

Thickness (mm) 

1 165 3.6 3.2 

2 180 3.6 3.2 

3 195 3.6 3.2 

4 180 3.35 2.9 

5 180 3.85 3.4 

6 180 4.05 3.6 

7 180 4.25 3.8 

 

A series of experiments were undertaken to measure the influence of preforming parameters on 

key preform properties, including stack compaction resistance, interlaminar binder morphology, 

and in-plane and through-thickness permeability. To achieve this, preform samples were 

manufactured under differing sets of parameters. As previously stated, prior research on this 

material system indicated that the two most influential preforming parameters were hot pressing 

temperature and cold pressing thickness [100]. Subsequently these two parameters were varied 

during preform manufacturing to investigate possible correlations. Values for these parameters 

were selected such that they were centre on the manufacturing parameters used in industry, as 

supplied by BMW. For hot press temperature three temperatures, 165°C, 180°C and 195°C were 

investigated, while the cold press remained at room temperature. Five cold press thickness, 2.9mm, 

3.2mm, 3.4mm, 3.6mm and 3.8mm were tested, with hot press thickness being varied to ensure 

that the hot to cold press thickness ratio remained constant. For samples manufactured to 

investigate the influence of hot press temperature, the cold press thickness was kept constant, 
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while for samples manufactured to measure the influence of cold press thickness, hot press 

temperature remained constant. The combination of different hot press temperatures and cold 

press thicknesses used for manufacturing are shown in Table 7.3. 

The study on compaction resistance consisted of three 100x100mm samples for each of the seven 

parameter combinations. The stacks had a nominal areal weight of 2980g/m2 ±0.7%. All preforms 

were then non-destructively tested for compaction resistance in a 2x2 grid pattern. These 

measurements were used to calculate the average compaction resistance for each sample. 

The study on binder morphology consisted of three 100x100mm samples for each of the hot press 

temperature variation parameter combinations (1, 2, and 3), and three of the cold press thickness 

parameter combinations (2, 4, and 7). Samples were preformed and then peeled layer by layer. For 

each sample the binder coated side of five interlaminar interfaces were imaged in three regions, as 

shown in Figure 7.6. The average binder areal coverage ratio was then calculated. 

 

 

Figure 7.6: Schematic of interlaminar interfaces analysed 

The study on in-plane permeability consisted of three 130mm diameter circular samples for each 

of the parameter combinations, the samples having a nominal areal weight of 2972g/m2 ±0.5%. A 

12mm diameter circular hole was punched into the centre of all preform samples to encourage oil 

to flow in the in-plane direction when it was injected into the sample. All samples were compacted 

to their target part thickness of 3.12mm, correlating to an average fibre volume fraction of ~0.54. 

Oil was injected with a constant inlet pressure of 80kPa, low enough to ensure Darcian flow 

conditions within the laminate. Images were captured during the radial wetout at a constant rate 

of 1Hz. Permeability in the principle axis of the wetout were calculated, and from these average 

sample permeability was determined using the relationship in Equation 7-1. 
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The study on through-thickness permeability employed three 130mm diameter circular samples 

for each of the parameter combinations, with a nominal areal weight of 2985g/m2 ±0.6%. All 

samples were compacted to their target part thickness of 3.12mm, with an average fibre volume 

fraction of 0.54. Oil was injected with a constant inlet pressure of 80kPa, low enough to ensure 

Darcian flow conditions through the laminate. Permeability was then determined from the 

measured pressure drop and volume flow rate across the sample. 

7.4.2 Results:  

7.4.2.1 Compaction Resistance 

The compaction resistance data for the hot press temperature and cold press thickness 

investigation samples can be seen in Figure 7.7. The results indicate that the temperature applied 

to heat the preform during the hot press phase of preforming does not have a significant influence 

on pressure required to compress the preform to its target thickness. The relationship between cold 

press thickness and compaction response shows a strong positive correlation between this process 

parameter and preform property, as would be expected. The data indicates that a slight variation 

in press thickness can result in significant changes to stack compaction behaviour, with a 9% 

reduction in thickness resulting in a 52% reduction in compaction resistance.  

 

a) 

 

b) 

 

Figure 7.7: a) Plot of Compaction Resistance vs Hot Press Temperature,  

      b) Plot of Compaction Resistance vs Cold Press Thickness 

7.4.2.2 Binder Morphology 

The binder morphology data for the hot press temperature and cold press thickness investigation 

samples can be seen in Figure 7.8 and Figure 7.9. For hot press temperature, Figure 7.8a and 

Figure 7.9a demonstrate that while changes in temperature do affect the binder coverage area 

within the stack, there is no significant influence on total coverage when averaged across all the 

interfaces. While lower pressing temperatures are shown to increase the binder coverage in the 

outer layers, they simultaneously reduce coverage in the centre of the stack. The increase in 
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coverage in the outer layers is due to the binder having higher viscosity at lower temperatures, 

resulting in less binder migration into the fibre tows due to capillary action. This effect is 

demonstrated in Figure 7.10, showing binder coverage in the outer layers of samples at varying 

temperature. However, this lower temperature also has the effect of reducing the temperature 

sustained in the centre of the stack to a point where the binder particulates do not substantially 

spread, resulting in a lower arear of interlaminar bonding. Figure 7.11 shows binder coverage in 

the central 4-5 interface of samples at varying temperature, demonstrating this effect in practice. 

  

a) 

 

b) 

 

Figure 7.8: Plot of binder areal coverage vs laminate interface for a) varying hot press temperature, b) 

varying cold press thickness 

 

a) 

 

b) 

 

Figure 7.9: Plots of average sample binder areal coverage vs a) hot press temperature, b) cold press 

thickness 
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a) 

 

b) 

 

c) 

 

Figure 7.10: Microscopy images detailing binder coverage in the 1-2 interface of samples preformed at a) 

165°C, b) 180°C, and c) 195°C 

a) 

 

b) 

 

c) 

 

Figure 7.11: Microscopy images detailing binder coverage in the 4-5 interface of samples preformed at a) 

165°C, b) 180°C, and c) 195°C 

a) 

 

b) 

 

c) 

 

Figure 7.12: Microscopy images detailing binder coverage in the 3-4 interface of samples preformed at a) 

2.9mm, b) 3.2mm, and c) 3.8mm 

a) 

 

b) 

 

c) 

 

Figure 7.13: Microscopy images detailing binder coverage in the 4-5 interface of samples preformed at a) 

2.9mm, b) 3.2mm, and c) 3.8mm 

The results in Figure 7.8b and Figure 7.9b demonstrate that cold pressing thickness affects binder 

coverage area within the stack and total coverage averaged across all interfaces. Lower pressing 

thicknesses are shown to increase the binder coverage in the outer layers by up to 300%, while 

maintaining coverage levels in the centre of the stack. Higher pressing thicknesses are shown to 
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maintain binder coverage in the outer layer interfaces but reduce coverage levels in the centre 4-5 

interface by 50%. A decrease in cold press thickness results in an increase in coverage in the outer 

layers due to increase in applied compaction force, resulting in binder particulates spreading and 

coalescing to form a thin film. This effect is demonstrated in Figure 7.12, showing binder coverage 

in the outer 3-4 interface of samples at varying thicknesses. Similarly, an increase in cold press 

thickness results in a decrease in coverage in the centre layers due to the reduction in applied 

compaction force. This results in the particulates in the double binder 4-5 interface not spreading 

and coalescing. Figure 7.13, showing binder coverage in the 4-5 interface of samples at varying 

thicknesses demonstrates this phenomenon.  

 

7.4.2.3 Permeability 

The results of in-plane and through-thickness permeability measurement for the hot press 

temperature and cold press thickness investigation samples can be seen in Figure 7.14 and Figure 

7.15. Figure 7.14 shows that neither the temperature applied to heat the preform during the hot 

press phase of preforming, nor the cold pressing thickness have a significant influence on flow 

resistance in the in-plane direction through the preform. Figure 7.15a similarly demonstrates that 

hot press temperature does not have a significant influence on flow resistance in the through-

thickness direction through the preform. This suggests that flow resistance and therefore wetout 

rates of a preform during resin injection should remain unchanged irrespective of small variances 

in hot press temperature. These results are contradictory to the findings of Wu, who reported 

significant variations in permeability due to hot press temperature [98]. However, it should be 

noted that Wu’s experiments were conducted over a significantly larger range of temperatures, 

many of which were below the binder glass transition temperature. Figure 7.15b highlights a 

positive correlation between cold press thickness and through-thickness permeability. Note should 

be taken of the significant 35% decrease in permeability when cold press thickness is decreased 

from the standard 3.2mm to 2.9. This suggests that the ratio of in-plane and through-thickness 

flow resistance and subsequently wetout rates can be significantly altered due to small changes in 

the cold pressing thickness applied during preforming. The mechanism through which cold press 

thickness influences through-thickness permeability is identified as the change in binder 

morphology caused by increased compaction. As previously discussed, compressing stacks to a 

lower thickness during preforming results in the binder particulates spreading and coalescing, 

forming a thin film between layers and increasing the total area covered by binder. This acts to 

reduce the effective area available for fluid flow in the through-thickness direction, thereby 

reducing permeability.  
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a) 

 

b) 

 

Figure 7.14: Plots of the relationship between in-plane permeability and a) hot press temperature, b) cold 

press thickness 

a) 

 

b) 

 

Figure 7.15: Plots of the relationship between through-thickness permeability and a) hot press temperature, 

b) cold press thickness 

7.5 Influence of Press Thickness on Mould Filling Behaviour 

7.5.1 Experimental Program:  

Based on the results of the previous study, two series of experiments were undertaken in order to 

determine the influence of varying cold press thickness on RTM mould filling behaviour. 

Differences in cold press thickness were shown to influence important preform properties including 

compaction resistance, binder morphology, and permeability. 

The first experimental series consisted of 18 preforms with three levels of cold press thickness. All 

stacks had a nominal areal weight of 2978g/m2 ±0.6%. Six samples were hot and cold pressed to 

5.1mm and 5.0mm to give high compaction resistance. Another six were hot and cold pressed to 
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3.6 and 3.2mm respectively to give moderate compaction resistance, representative of typical 

process conditions used at BMW. The final two six were hot and cold pressed to thicknesses of 3.1 

and 2.9mm respectively. All preforms were then non-destructively tested for compaction resistance 

in a 5x5 grid measurement pattern, as seen in Figure 7.16. The preform samples then underwent 

flow visualisation testing, with a constant oil reservoir pressure of 110kPa. 

Due to an observed change in mould filling behaviour for samples with low compaction resistance 

in series one, a second series of tests was undertaken to determine the influence of reservoir 

pressure on mould filling. The second series consisted of twelve preforms, all with low levels of 

compaction resistance. The stacks had a nominal areal weight of 2973g/m2 ±0.6%. All stacks were 

hot and cold pressed to thicknesses of 3.1 and 2.9mm respectively. The preforms were then tested 

non-destructively for compaction resistance as for series one. Flow visualisation testing was then 

undertaken at four oil reservoir pressures. Three samples were tested at each of 300kPa, 200kPa, 

110kPa, and 30kPa. 

 

Figure 7.16: Schematic diagram of 5x5 NDT measurement grid pattern 

7.5.2 Results:  

7.5.2.1 Influence of Cold Press Thickness on Mould Filling 

The mould filling data for series one can be found in Table 7.4. Due to difficulties in determining 

when a preform has completely wetted out, the time taken for a standardised weight of oil (100g) 

to fill the cavity has been selected as a representative measure of filling time. The results indicate 

that the average compaction resistance, and by virtue the preforming thickness used to accomplish 

this, have a strong influence on the average mould filling rate. Under-compaction of the stack 

during the preforming process resulted in samples with approximately three times the average 

compaction resistance and a 20% increase in filling time, compared to those produced at standard 

parameters. Over-compaction of the stack during the preforming process resulted in the inverse, 

with samples having approximately half the average compaction resistance and a very significant 

75% decrease in filling time compared to those produced at standard parameters.  
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Table 7.4: Series one data on the influence of compaction resistance on mould filling time. 

Compaction 

Thickness  

Hot Press 

Thickness 

(mm) 

Cold Press 

Thickness 

(mm) 

Average 

Areal Weight  

(g/m2) 

Average Compaction  

Resistance  

(kPa) 

Fill Time  

100g Oil 

(s) 

High 5.1 5.0 2965 112 227 

Standard 3.6 3.2 3000 36 182 

Low 3.1 2.9 2990 18 46 

 

 

a) 

 

b) 

 

Figure 7.17: Measured relationship between moulding filling time and compaction resistance for a) preforms 

measured as part of series 1, b) all preforms used in mould filling tests  

 

 

Figure 7.18: Representative plots of injected oil mass vs time for preforms cold pressed to 5, 3.2, and 2.9mm 
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The relationship between mould filling time and preform compaction resistance is shown in Figure 

7.17a, with over compacted, under compacted and standard samples highlighted. Additionally, the 

relationship for all samples used in mould filling tests with injection pressures of 110kPa is 

supplied in Figure 7.17b. A highly non-linear relationship is observed, with an inflection point 

occurring at a compaction resistance of ~50kPa. Above this inflection, the effect of compaction 

resistance on filling times is minor, with filling times increasing negligibly for large increases in 

preform compaction resistance. Below this inflection point the influence of compaction resistance 

increases substantially, with filling times as low as 27 seconds recorded for samples with a 

compaction resistance of 16kPa. The rapid decrease in mould filling time when compaction 

resistance drops below 50kPa indicates a substantial change in mould filling behaviour is occurring. 

Figure 7.18 shows representative plots of injected oil mass with time for the three studied 

preforming thicknesses. It can be observed that all samples experience rapid filling during the 

initial injection stages, with preforming thickness and thereby compaction resistance influencing 

how long this rapid filling phase is sustained. It is also worth noting that although the high 

compaction resistance 5.0mm preform resistance samples take the longest to fill, their rate of 

filling after the initial rapid filling phase is higher than the medium compaction resistance 3.2mm 

samples. This is a result of the measured positive correlation between preforming thickness and 

through-thickness permeability, as detailed in Figure 7.15b. Given these trends, it can be inferred 

that in substantially larger moulds that performs manufactured with higher pressing thickness, 

and thereby higher compaction resistances and permeabilities, would fill faster than over 

compressed preforms in the case of a conventional in-plane filling mode.  

Figure 7.19, Figure 7.20, and Figure 7.21 demonstrate the observed change in filling behaviour, 

showing flow fronts for samples with high, standard, and low compaction thickness respectively. 

Samples with high compaction thickness initially experience limited oil flow in the through-

thickness direction, directly under the line injection gate. Flow in this direction quickly subsides 

however, and in-plane flow is then established, progressing as expected towards the vents. Samples 

with moderate compaction thickness also initially experience limited oil flow in the through-

thickness direction. This through-thickness flow persists for a greater in-plane distance than the 

high compaction resistance samples, fluid appearing to preferentially flow in-plane in the upper 

layers of the preform, before the fluid collapses through the preform thickness to form a two-

dimensional flow front. Samples with low compaction thickness however, experience primarily in-

plane filling in the upper preform layers. This flow between the upper surface of the mould and 

the preform feeds through-thickness flow across the majority of the length of the part length, 

appearing to be the primary mode of mould filling. This filling behaviour persists throughout the 

duration of the test, with a stable two-dimensional filling behaviour only being established close to 

the vents. 
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a) 

 

b) 

 

c) 

 

Figure 7.19: High compaction resistance: captured flow fronts at 3, 45, and 180 seconds 

a) 

 

b) 

 

c) 

 

Figure 7.20: Moderate compaction resistance: captured flow fronts at 4, 12, and 165 seconds. 

a) 

 

b) 

 

c) 

 

Figure 7.21: Low compaction resistance: captured flow fronts at 3, 11, and 22 seconds. 

The observed differences in mould filling modes appear to correlate strongly with the very 

significant variations in observed mould filling times, which range from 27.5 to 240s. As the 

preform areal weights, and hence achieved fibre volume fractions within the mould cavity, vary by 

only ±0.6%, the observed differences are explained by the mesoscale morphology of the preforms 

(including binder morphology) after production and their macroscale physical characteristics.  

As previously discussed, cold press thickness has been shown to influence important preform 

properties including compaction resistance, binder morphology, and permeability. It is also feasible 

that differences in tow cross-sectional geometry are generated and locked in by the binder. Two 

theories are put forward as to the cause of the observed change in filling behaviour from an almost 

purely one dimensional in-plane flow to a complex in-plane/through-thickness combination. The 

first is that the reduction in the ratio of preform in-plane to through-thickness permeability, caused 

by change in binder morphology due to increased compaction during the cold pressing stage, results 
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in preferential resin flow in the in-plane direction. Fluid flowing into the preform from the injection 

gate experiences substantially lower flow resistance in the in-plane direction, resulting in the flow 

front advancing preferentially across the upper layers of the preform before penetrating downward. 

The second theory is that the reduced compaction resistance of the preform, combined with the 

increased resistance to fluid flow in the through thickness direction, results in a fluid pressure 

driven localised compaction of the preform similar to that noted by Becker in studies on 

compression resin transfer moulding [193]. Fluid flowing into the preform from the injection gate 

experiences an increased resistance to flow in the through thickness direction. The resulting fluid 

pressure, combined with decreased compaction resistance of the preform, results in the textile 

being compressed, allowing a flow channel to be opened along the upper mould surface. The 

resulting flow front advances preferentially across the upper layers of the preform before 

penetrating downward. A combination of these given theories is also possible. The influence of 

injection pressure is explored further in the second experimental series.  

7.5.2.2 Influence of Injection Pressure on Observed Changes in Mould Filling 

Table 7.5: Series two data on the influence of reservoir pressure on mould filling time. 

Hot Press 

Thickness 

(mm) 

Cold Press 

Thickness 

(mm) 

Average 

Areal Weight  

(g/m2) 

Average Compaction  

Resistance  

(kPa) 

Oil Reservoir 

Pressure  

(kPa) 

Fill Time  

100g Oil 

(s) 

3.1 2.9 2979 17 300 10 

3.1 2.9 2984 16 200 21 

3.1 2.9 2990 17 110 29 

3.1 2.9 2983 19 30 163 

 

The mould filling data for series two can be found in 

Table 7.5. As expected, the results indicate that the oil reservoir pressure has a strong influence 

on the mould filling rate of low compaction thickness samples. Figure 7.22, Figure 7.23, and Figure 

7.24 demonstrate the difference in mould filling behaviour between samples with different oil 

reservoir pressures in series two. Samples with high and moderate reservoir pressure both 

experience low filling times with filling primarily occurring in-plane in the upper preform layers, 

and then downward in the through-thickness direction. Samples with high driving pressure 

however have a greater lead distance between regions of initial through-thickness flow and 

complete wet out, than those with moderate pressure. Samples with low oil reservoir pressure 

experience significantly longer filling times. In all samples, filling primarily occurs in the through-

thickness direction initially, with a short lead distance between patches of initial through-thickness 

flow and regions where complete wet out has occurred. As filling progresses the distance between 

the through-thickness and complete wetout zones reduces. Eventually the through-thickness 

filling mode collapses and a traditional in-plane filling mode is established with a two-dimensional 
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flow front.  

a) 

 

b) 

 

c) 

 

Figure 7.22: Low compaction resistance sample with oil reservoir pressure at 300kPa: captured flow fronts 

at 3, 6, and 10 seconds. 

a) 

 

b) 

 

c) 

 

Figure 7.23: Low compaction resistance sample with oil reservoir pressure at 110kPa: captured flow fronts 

at 4, 8, and 14 seconds. 

a) 

 

b) 

 

c) 

 

Figure 7.24: Low compaction resistance sample with oil reservoir pressure at 30kPa: captured flow fronts at 

10, 20, and 40 seconds 

 

Figure 7.25 shows the relationship between injection pressure and the transition distance from the 

inlet where the through-thickness filling mode collapses and a stable two dimensional in-plane 

filling mode is established. The results are observed to follow a logarithmic trend, as described in 

Equation 7-2, where Dtransition and P represent transition distance where the through-thickness 

filling mode collapses in mm, and injection pressure in Bar respectively. This logarithmic trend is 

superimposed over the results in Figure 7.25a, and presented independently in Figure 7.25b. It 

can be observed that this model projects that rapid filling in the through-thickness filling mode 

can be achieved up to distances of ~0.3m at high injection pressures.  
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The observed correlation confirms that oil pressure is influential to the resulting mode of filling, 

and the mix of in-plane to through-thickness flow. This supports the theory that the reduced 

compaction resistance of the preform, combined with the increased resistance to fluid flow in the 

through thickness direction, results in a fluid pressure driven dynamic compaction of the preform. 

It must be noted that by varying the reservoir pressure by an order of magnitude that local oil flow 

velocities are significantly altered, and the balance between pressure driven and capillary flows 

can be changed. While oil pressure is shown to be influential, further work is required to determine 

if dynamic preform compression, or capillary driven flow effects are dominant. 

 

a) 

 

b) 

 

Figure 7.25: Relationship between injection pressure and the transition distance from the inlet where the 

through-thickness filling mode collapses for a) Measured data, b) Calculated from Equation 3-2 

 𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 [𝑚𝑚] = 36. ln(𝑃) + 190 7-2 

7.6 Influence of Defects on Mould Filling Behaviour 

7.6.1 Experimental Program:  

As a comparative measure to assess the relative impact of changes in preforming thickness, two 

series of experiments were undertaken in order to determine the influence of localised defects and 

global areal weight variation on RTM mould filling behaviour. The first series consisted of three 

sets of five preforms were purposely created to have the widest areal weight variations possible 

due to natural variation in the supplied SLG NCF. This was achieved by cutting a large number of 

individual layers, using the lightest and heaviest to produce stacks of low and high areal weights. 

Layers with close to the average areal weight were used to manufacture preform samples that 

would serve as a baseline.  
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The second series consisted of preforms with three types of localised defect: Missing tow, extra tow, 

and a single layer fold. Missing tow defects were created through the removal of a single carbon 

tow from the 330gsm BMW supplied fabric across the entire length of a single fabric layer. Extra 

tow defects were created by the addition of a single tow from the 330gsm BMW fabric, spanning 

the length of a single fabric layer and oriented in the fibre direction. Fold type defects were created 

through a double orientation change of a single layer for a width of two tows. The fabric layer was 

folded backward upon itself, with the fold running in the fibre direction, for a width of two tows 

before being folded back again to its original orientation. This created a central section of the textile 

layer that was 3 layers thick. Five preforms with each type of defect were manufactured, with the 

defect being located in the centre of third layer of the stack, or between the third and fourth layers 

where appropriate. The stacks were hot and cold pressed to thicknesses of 3.6 and 3.2mm 

respectively. All preforms were then non-destructively tested for compaction resistance in the same 

5x5 grid measurement pattern detailed in Figure 7.16. The samples then underwent flow 

visualization testing, with a constant oil reservoir pressure of 110kPa. For samples with defects 

present the preforms were oriented such that the defect was parallel with the direction of flow.  

7.6.2 Results 

7.6.2.1 Influence of Variations in Textile Weight on Mould Filling 

The mould filling data for series one can be found in Table 7.6. As expected, the results indicate 

that sample areal weight has a significant influence on both the average compaction resistance 

and mould filling time. A reduction in areal weight by approximately 3% resulted in a 25% decrease 

in average compaction resistance and an 11% decrease in mould filling time, compared to samples 

with an average areal weight. An increase in areal weight by approximately 2.5% resulted in a 

25% increase in average compaction resistance and a 13% increase in filling time. 

 

Table 7.6: Series one data on the influence of areal weight variation on mould filling time. 

Areal 

Weight 

Average 

Areal Weight  

(g/m2) 

Average 

Compaction 

Resistance (kPa) 

Oil Reservoir 

Pressure  

(kPa) 

Avg. Fill Time 

100g Oil  

(s) 

Std. Dev. 

 

(s) 

Low 2890 28 110 166.0 13 

Average 2976 37 110 186.7 15 

High 3056 46 110 210.0 18 

 

Figure 7.26 demonstrates the difference in mould filling between samples with different areal 

weights. While the samples exhibited moderate differences in filling time, all exhibited similar 

mould filling behaviour. Initially limited oil flowed in the through-thickness direction, directly 

under the line injection gate. Flow in this direction then quickly subsides and an in-plane flow, 
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with accompanying in-plane two-dimensional flow front is established. 

a) 

 

b) 

 

c) 

 

Figure 7.26: Flow front progression diagrams for a) Low, b) Average and c) High areal weight samples 

7.6.2.2 Influence of Localised Defects on Mould Filling 

Data for the influence of localised defects on mould filling time can be found in Table 7.7. The 

addition or removal of material from the preform is observed to have minor influence on mould 

filling times. Extra tow and fold type defects increased filling times by 4% and 5%, while missing 

tow defects resulted in a 5.5% decrease. These variances are attributable to the localised influences 

on fibre-volume fraction, and thereby permeability. It should be noted that although these defects 

do influence filling, the size of the influence is relatively minor when natural variations in filling 

time in defect free samples are considered. ANOVA tests of the data returned a p-value of 0.4, 

suggesting that the observed differences are not statistically significant.  

 

Table 7.7: Series two data on the influence of localised defects on mould filling time. 

Defect Type Average 

Areal Weight  

(g/m2) 

Average 

Compaction 

Resistance (kPa) 

Oil Reservoir 

Pressure  

(kPa) 

Avg. Fill 

Time 100g 

Oil (s) 

Std. Dev. 

 

(s) 

No Defect 2967 36 110 182 21 

Missing Tow 2962 31 110 172 17 

Extra Tow 2974 35 110 189 15 

Fold 2998 39 110 191 22 

 

Figure 7.27 demonstrates the difference in mould filling between samples with each of the types of 

defects, with the location and orientation of the defects being highlighted in red. While the samples 

have exhibited differences in filling time, all exhibited similar mould filling behaviour to that of a 

defect free sample. Defects appear to have a localised impact at the initial stages of mould filling, 

either moderately advancing or retarding flow directly in the region of the defect. However, as the 

flow front advances, this localised impact on the flow front appears to diminish. It should be noted 

that final part quality, particularly with respect to void content, cannot be directly discerned from 

the flow visualization experiments. 
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a) 

 

b) 

 

c) 

 

Figure 7.27: Flow front progression diagrams for a) Missing tow, b) Extra tow, and c) Fold type defects.  

7.6.2.3 Relative Influence of Preform Compaction Thickness 

The results of these two studies show that relative to localised defects and global changes in areal 

weight, preforming compaction thickness has a far greater influence on both mould filling rates 

and behaviours. Although variations in textile areal weight can result in changes in compaction 

resistance of ±25%, mould filling times only vary by ~13% with no observable effect on filling 

behaviour. These effects are significantly lower than the influence of compaction thickness, with 

over compaction resulting in reductions in filling time of over 75% and a fundamental change in 

filling behaviour. Although localised defects can influence flow front shape, the effects diminish 

with increasing distance from the resin inlet, and the overall effect on mould filling time is 

relatively negligible. This highlights the relative importance of preforming parameters on the RTM 

manufacturing process, with the results showing that preforming thickness is a parameter that 

requires careful consideration during the process design stage.   

7.7 Influence of Over-Compacted Preform Regions on Filling 

7.7.1 Experimental Program:  

Based on the observed influence of compaction thickness on preform properties, and mould filling 

rate and behaviour, an experimental investigation was undertaken in order to determine the 

potential for flow front speed to be locally controlled. Through local adjustments in pressing 

thickness during preform manufacturing, it was expected that compaction resistance and 

permeability of the preform could be spatially controlled. Over compacted regions would fill rapidly 

via flow across the upper mould surface, while areas preformed to standard thickness would fill at 

a slower rate. This would allow preferential filling of mould regions to be realised. By over 

compacting strips of the preform in the direction of flow, resin flow fronts could be locally 

accelerated, mimicking the function of resin runner channels in RTM but without the subsequent 

resin rich channels and fibre undulations across the surface of the final part.  

To investigate the feasibility of variable mould filling through localised preforming, a series of 

preforms were manufactured with over compacted channels of varying width and depth in the 
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direction of flow. Details of the location and orientation of the channel is given in Figure 7.28. 

Preforms were manufactured with channel widths of 20mm and 40mm, and compression 

thicknesses of 2.7mm and 2.9mm. All stacks had a nominal areal weight of 2980g/m2 ±0.5%. All 

preforms were hot pressed at 185°C to a thickness of 3.6mm followed by cold pressing at room 

temperature to a thickness of 3.2mm. To create an over compacted region a shim was placed on the 

upper surface of a preform prior to cold pressing. All preforms were then non-destructively tested 

for compaction resistance in a 5x5 grid measurement pattern, as seen in Figure 7.16. The preform 

samples then underwent flow visualization testing, with a constant oil reservoir pressure of 110kPa.  

 

Figure 7.28: Schematic diagram of over compacted channel preforms 

7.7.2 Results 

The key results from the experimental series can be found in Table 7.8, with data from standard 

preforms included as a reference. The results indicate that local over compaction of the preform 

can influence filling rates, but over compacted channel width and thickness is highly influential 

on the magnitude of the change. For channels with an over compaction thickness of 2.9mm no 

statistically significant difference in filling time was recorded when compared to the standard 

reference samples, irrespective of channel width, with ANOVA tests returning p-values of 0.75. For 

channels with an over compaction thickness of 2.7mm mould filling time was reduced, being 

dependent on channel width. A channel width of 20mm was observed to reduce filling time by ~19% 

on average, while a channel width of 40mm resulted in a reduction in filling time of ~46%. Figure 

7.29 shows representative plots of injected oil mass with time for the studied over compacted 

channels. It can be observed that all samples experience rapid filling during the initial injection 

stages, with channel thickness and width influencing how long this rapid filling phase is sustained. 

No substantial differences in filling rates are observed between the reference and 2.9mm thickness 

compaction channel samples. For samples with 2.7mm compaction channel thicknesses, higher 

filling rates following the cessation of the initial rapid filling phase were recorded. Increasing 

channel width from 20 to 40mm results in the rapid filling phase being substantially extended, 

resulting in the observed reduction in total fill time.  

135mm

270mm

230mm20mm

270mm

Overcompacted channel

Channel 

Width
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Table 7.8: Results of the influence of localised over compaction on mould filling times 

Channel 

width 

(mm) 

Channel 

compaction 

thickness (mm) 

Sample 

compaction 

resistance (kPa) 

Average Channel 

Compaction 

Resistance (kPa) 

Fill Time 

100g Oil 

(s) 

Std. Dev. 

 

(s) 

20 2.7 30 17 151 31 

20 2.9 34 23 189 24 

40 2.7 29 16 101 45 

40 2.9 33 24 179 19 

None - 36 - 186 21 

 

 

Figure 7.29: Representative plots of injected oil mass vs time for preforms with over compacted regions 

Figure 7.30 - Figure 7.33 demonstrate the difference in mould filling behaviour between samples 

with different widths and depths of compaction channel. All samples initially experience limited 

oil flow in the through-thickness direction in the area of over compaction, directly under the line 

injection gate. This is due to the reduction in through thickness permeability and compaction 

resistance, resulting in preferential flow of oil along the top of the mould cavity in this region. 

Channel thickness and width is again highly influential on the effect that over compacted regions 

have on mould filling behaviour. Channels with an over compaction thickness of 2.9mm were 

observed to result in minor acceleration of the flow front in the vicinity of the channel. This 

localised advancement of the flow front was only present during the initial stages of filling however, 

with the effects of the channel diminishing as filling progressed. Width was not observed to 

significantly alter the influence of the channel on the flow fronts. Channels with an over 

compaction thickness of 2.7mm were observed to result in significant and sustained acceleration 

of the flow front in the vicinity of the channel. Localised advancement of the flow front was 

prevalent throughout filling, with the magnitude of the localised advancement dependent on 

channel width. For preforms with a channel width of 40mm complete wetout of the over compacted 

area was achieved before the sample was 50% filled.  
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The reason for the reduced effectiveness of localised over compaction when contrasted with global 

over compaction is not definitively solved, but it is suspected that it is a result of higher levels of 

compaction resistance in locally over compacted zones when compared to global over compaction 

at the same thickness. Samples globally over compacted to a thickness of 2.9mm have a compaction 

resistance of ~18kPa, whereas local over compaction to 2.9mm is observed to result in a channel 

compaction resistance of ~24kPa. This higher level of compaction resistance may result in reduced 

effectiveness due to an increase in difficulty for the injected fluid pressure to dynamically compress 

the fibre bed. 

a) 

 

b) 

 

c) 

 

Figure 7.30: 20mm wide 2.7mm thickness over compaction: Flow front captured at a) 2, b) 6, c) 12 seconds 

a) 

 

b) 

 

c) 

 

Figure 7.31: 20mm wide 2.9mm thickness over compaction: Flow front captured at a) 2, b) 20, c) 45 seconds 

a) 

 

b) 

 

c) 

 

Figure 7.32: 40mm wide 2.7mm thickness over compaction: Flow front captured at a) 2, b) 11, c) 20 seconds 

a) 

 

b) 

 

c) 

 

Figure 7.33: 40mm wide 2.9mm thickness over compaction: Flow front captured at a) 2, b) 10, c) 30 seconds 
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7.8 Influence of Preform Compaction on RTM Part Quality 

7.8.1 Experimental Program:  

Due to the observed influence of global and localised variation in compaction during preforming on 

mould filling behaviour, the effect of these changes in mould filling on the resin transfer moulding 

process was investigated. Two series of carbon fibre panels were manufactured via Resin Transfer 

Moulding from preforms manufactured with varying pressing thicknesses to determine the 

influence of varying compaction thickness, and subsequent changes in mould filling behaviour, on 

final part quality and mechanical properties. 

The first experimental series assessed the influence of global changes in compaction thickness, and 

consisted of 9 preforms with three levels of cold press thickness. Three samples were hot and cold 

pressed to 5.1mm and 5.0mm to give high compaction resistance. Three were hot and cold pressed 

to 3.6 and 3.2mm respectively to give moderate compaction resistance, representative of typical 

process conditions used at BMW. The final three were hot and cold pressed to thicknesses of 3.1 

and 2.9mm respectively. The second experimental series assessed the effectiveness of localised over 

compaction to create accelerated flow paths, and consisted of two sets of three preforms with 

channel widths of 40mm and compression thicknesses of 2.7mm and 2.9mm. Details of the location 

and orientation of the channel is given in Figure 7.34 .In addition to this, a number of short shots 

were produced to capture the flow front within preforms with local changes in compaction 

resistance. Short shots were achieved by ceasing resin injection prior to the completion of mould 

filling. All preforms had dimensions of 245x345mm. The manufacturing parameters are detailed 

in Table 7.9. All preforms were non-destructively tested for compaction resistance in a 3x3 grid 

measurement pattern, as seen in Figure 7.34.  

All resin injections were completed with a constant resin reservoir pressure of 4Bar and mould 

temperature of 35°C. For each infusion 360g of resin and 97g of hardener were mixed and then 

placed in a water bath within the resin reservoir to inhibit exothermal heat from altering resin 

viscosity and cure progression prior to injection. Infusion was initiated five minutes after resin 

mixing. For complete injections, once total laminate wetout was achieved the resin outlet was 

closed, with a constant fluid pressure of 4Bar maintained at the inlet throughout cure. For short 

shots after a specified mass of resin was injected the resin inlet and outlet were simultaneously 

closed.  

Tests undertaken on the panels included analysis of void content and mechanical testing of 

laminate compression strength and interlaminar shear strength. Five 25 x 25 mm samples were 

used to estimate the average void content at the inlet and outlet of the panels manufactured 

through microscopy. The samples were encased in West Systems 105 epoxy and polished on a 

Buehler Ecomet 300 polishing machine up to P3000 grit. The polished surface of the sample was 

then photographed in 15 sections using a high-power microscope, capturing the entire sample 
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width and height. The individual images were then stitched into a single full field image using the 

software package AutoStitch. ImageJ image processing software was used to manually designate 

voids through user-based boundary selection. These images were then processed via a Matlab 

script that binarised the images into void and non-void areas. The ratio of void area to total cross 

sectional area was used to estimate sample void fraction.  

Combined loading compression tests were undertaken on the panels in accordance with ASTM 

D6641 to assess the influence of influence of varying preform compaction thickness on laminate 

compressive strength. Six samples were tested from the centre of each panel. Test specimens had 

a standard width of 13 mm and length of 140 mm, and a nominal thickness of 3 mm.  

Short beam shear tests were undertaken on the panels in accordance with ASTM D2344 to assess 

the influence of influence of varying preform compaction thickness on interlaminar shear strength. 

Six samples were tested from the inlet of each panel, having a width of 6mm, a length of 18mm, 

and a nominal thickness of 3mm.  

Table 7.9: Preforming parameters for RTM samples 

Compaction 

Thickness 

Hot Press 

Thickness 

(mm) 

Cold Press 

Thickness 

(mm) 

Channel Press 

Thickness 

(mm) 

Channel 

Width 

(mm) 

Low 3.1 2.9 - - 

Medium 3.6 3.2 - - 

High 5.0 3.8 - - 

Local - 2.9 3.6 3.2 2.9 40 

Local - 2.7 3.6 3.2 2.7 40 

 

Figure 7.34: Schematic diagram of RTM preforms with NDT measurement grid pattern 
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7.8.2 Results 

7.8.2.1 Mould Filling: 

The mould filling data for the effects of changes in global and local preform compaction thickness 

on final part quality and mechanical properties can be found in Table 7.10. Due to difficulties in 

determining when a preform has completely wetted out, the time taken for a standardised weight 

of resin (214g) to fill the cavity has been selected as a representative measure of filling time, being 

the calculated mass to achieve full wetout at the target fibre-volume fraction of 0.54, accounting 

for the additional dead space in the resin inlet lines.  

 

Table 7.10: Series one data on the influence of compaction thickness on mould filling time. 

Compaction 

Thickness 

Channel Press 

Thickness 

(mm) 

Average Compaction  

Resistance  

(kPa) 

Channel Compaction 

Resistance  

(kPa) 

Average 

Fill Time  

(s) 

Low - 9 - 390 

Medium - 53 - 266 

High - 91 - 265 

Local - 2.9 2.9 45 24 319 

Local - 2.7 2.7 38 22 337 

 

The results show that average compaction resistance, and by virtue the preforming thickness used 

to accomplish this, again have a strong influence on the mould filling rate. However, the influence 

of compaction thickness on mould filling times is inversed in comparison to the trends observed in 

the previous study in Section 7.5.2.1 on the effects of preforming thickness on mould filling 

behaviour. In the previous study under-compaction of the stack during the preforming process 

resulted in a 20% increase in filling time compared to those produced at standard parameters. The 

results from the RTM injection process however show that under-compaction had no significant 

effect on mould filling times. Additionally, in the prior study over-compaction of the stack during 

the preforming process resulted in a very significant 75% decrease in filling time, whereas results 

from RTM mould filling show over-compaction to result in a 47% increase in filling time. 

The influence of localised over compaction of the preform on mould filling also deviated from that 

previously observed in Section 7.7.2. In the mould filling visualisation tests the addition of local 

over compaction 40mm wide in the direction of flow to a thickness of 2.7mm resulted in an average 

reduction in mould filling time of ~47%. The same localised over compaction resulted in a 27% 

increase in RTM mould filling time. The dissonance in the effects on filling between the two tests 

suggests that mould geometry and injection distance influences the effect of the changing mould 

filling behaviours on total filling time.  
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The relationship between mould filling time and preform compaction thickness for global 

variations in preforming thickness is shown in Figure 7.35a, with low, high and standard 

compaction thickness samples highlighted. Additionally, the relationship between mould filling 

time and average compaction thickness for local variations in preforming thickness is supplied in 

Figure 7.35b.  As in Figure 7.17 in Section 7.5.2.1, a highly non-linear relationship is observed, 

with an inflection point occurring at a compaction resistance of ~50kPa. Similar to the results in 

Figure 7.17, at compaction resistances above 50kPa the effect of compaction resistance on filling 

times is insignificant. However, for compaction resistances below this inflection point the influence 

of compaction resistance on filling time is inversed, with filling time increasing as compaction 

resistance decreases. Figure 7.36a shows representative plots of injected resin mass with time 

during the RTM injection process for the three studied global preforming thicknesses. During the 

initial filling stages similar flow behaviours are observed to that in Figure 7.18 in Section 7.5.2.1, 

with over compacted preforms experiencing rapid filling due to resin flowing across the top of the 

mould due to dynamic compaction of the preform by fluid pressure. However, as detailed in Section 

7.5.2.2, this dynamic compaction filling mode has a distance limited by injection pressure. Once 

the flow front reaches this distance, the dynamic compaction ceases, and a traditional in-plane 

filling mode is established. Due to the decrease in through-thickness permeability as a result of 

the increased binder coverage caused by over compaction, in-plane mode filling rates for over-

compacted preforms is substantially reduced. This is a result of the fact that all resin entering the 

mould must flow in the through thickness direction to permeate into the preform. Additionally the 

through-thickness permeability is two orders of magnitude lower than in-plane permeability, so a 

reduction in through-thickness permeability has a substantial effect on total resistance to fluid 

flow.  

This results in over compaction causing increases in mould filling times when the injection 

pressure is not sufficient to sustain dynamic compaction of the preform for the entire injection 

distance. Using Equation 7-2 in Section 7.5.2.2 it can be calculated that the dynamic compaction 

of the preform at the injection pressure of 4 Bar can only be sustained for ~250mm, significantly 

short of the ~400mm injection distance in the RTM mould. If a significantly higher injection 

pressure could be utilised, such as in high pressure RTM processes, it is anticipated that rapid 

filling of the entire mould via dynamic compaction of the preform could be achieved. Insufficient 

injection pressure to sustain dynamic preform compaction in conjunction with locally decreased 

through-thickness permeability also explains the increase in mould filling times recorded for 

locally over-compacted preforms, as shown in Figure 7.35b. 

Figure 7.36b shows representative plots of injected resin mass with time during the RTM injection 

process for the two studied locally over compacted preforming thicknesses, with a medium 

compaction thickness preform serving as reference. During the initial filling stages significantly 

different flow behaviours are observed to that in Figure 7.29 in Section 7.7.2, with samples locally 

compressed to 2.7mm not experiencing any increase in flow rate during RTM resin injection. This 
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suggests that minimal localised flow acceleration was occurring. Investigations undertaken to 

ascertain the reason for the minimal localised flow acceleration found that the over compacted flow 

channels had higher channel compaction resistances than desired, with the 2.7mm preform 

thickness being ~30% higher than those used in Section 7.7.1 for studies on the effect of localised 

over compaction on mould filling. This increase in compaction resistance would significantly 

influence the ability of the injected resin to sustain dynamic compaction of the preform. 

 

a) 

 

b) 

 

Figure 7.35: Measured relationship between moulding filling time and compaction resistance for a) varying 

global compaction, b) Varying local compaction 

a) 

 

b) 

 

Figure 7.36: Representative plots of injected oil mass vs time for preforms with a) Global changes in 

compaction, b) Local changes in compaction 

In order to validate the interpretation of the results and assumptions made about the causes of the 

observed phenomena, a series of short shots were made. These parts captured the flow front 

geometry at a point in the resin injection process when the inlet valve was closed simultaneously 

with the outlet. As dynamic compaction of the preform due to resin pressure and the associated 
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rapid filling behaviour was of primary concern, a small number of locally and globally over 

compacted preforms were manufactured and injected to form short shots. The objective was to 

capture the flow front geometry at the stage of injection where the dynamic compaction of the 

preform ceased. In order to achieve this resin mass flow rates were monitored during the injection 

process, with the inlet valve being shut when rapid resin flow ceased. Manufacturing parameters 

and measured compaction resistance of the preforms used in the short shots is given in Table 7.11. 

The locally compacted samples were preformed to three thickness to give a range of compaction 

resistances in the over compressed flow channel.  

 

Table 7.11: Short shot preform properties and manufacturing parameters 

Compaction 

Thickness 

Channel Press 

Thickness 

(mm) 

Average Compaction  

Resistance  

(kPa) 

Channel Compaction 

Resistance  

(kPa) 

Injection 

Pressure 

(Bar) 

Low - 10 - 2 

Local 1 2.6 38 13 4 

Local 2 2.7 40 17 4 

Local 3 2.8 45 24 4 

 

Table 7.12: Short shot flow front transition distances 

Compaction 

Thickness 

Injection 

Pressure 

(Bar) 

Channel 

Compaction 

Resistance (kPa) 

Rapid Filling 

Distance – Theory 

(mm) 

Rapid Filling 

Distance – Measured 

(mm) 

Low 2 - 215 195 

Local 1 4 13 240 248 

Local 2 4 17 240 230 

Local 3 4 22 240 98 

 

Results from the short shot RTM injections can be found in Table 7.12. For each injection the 

transition distance where dynamic compaction of the preform would cease and rapid filling would 

end was calculated using Equation 7-2. The actual transition distance was then measured, taking 

the distance as the length from the inlet to the furthest wetout region on the bottom of the preform.   

The results show a clear reduction in transition distance for minor increases in compaction 

resistance, with an increase from 17 to 22 kPa resulting in a ~60% reduction. Plots of injected resin 

mass during the short shots in Figure 7.37 show the impact of the increase in compaction resistance 

on mass flow rates, with the locally compacted 2.8mm channel thickness preform experiencing 

negligible differences in flow rates when compared to a standard reference preform. Contrastingly, 

the lower compaction thickness samples all experienced increased flow rates similar to those 
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observed in the Sections 7.5.2.1 and 7.7.2. This indicates that the flow behaviours observed in 

Figure 7.36b, with samples locally compressed to 2.7mm not experiencing any increase in flow rate 

during RTM resin injection, was a result of higher than anticipated compaction resistance in the 

over compacted flow channel.  

 

Figure 7.37: Plots of injected oil mass vs time for short shot preforms 

Figure 7.38 shows the flow front geometry from the local - 2.6mm preform, depicting both sides of 

the part. Localised flow acceleration can be clearly seen in the region of the over compacted channel, 

with a greater wetout distance achieved on the upper side of the mould where the line injection 

gate is located. This confirms the hypothesis of dynamic compaction of the preform occurring, with 

resin flowing preferentially along the upper surface of the mould in the in-plane direction before 

penetrating downwards through the preforms thickness. The results confirm that rapid mould 

filling can be achieved in the RTM injection process, with localised acceleration of the flow front in 

desired zones. However, the distance over which dynamic compaction of the preform can be 

sustained is highly dependent on both injection pressure and the compaction resistance of the over 

compacted regions. 

 

a) 

 

b) 

 

Figure 7.38: Cured locally over compacted – 2.6mm perform, showing flow front geometry for a) top, b) 

bottom. 
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7.8.2.2 Void Content 

 

Figure 7.39: Measured average laminate void content 

Both global and local compaction thickness of the manufactured preforms was observed to 

influence the void content of the final laminate. Figure 7.39 shows the average measured void 

content for the inlet and outlet for each series of panels. Inlet void content was found to vary 

between globally compacted samples, with low, medium, and high compaction thickness samples 

having average void contents of 0.28%, 0.38%, and 0.18%% respectively. Inlet void content also 

differed between locally compacted and standard preforms, having void contents of 0.14% and 

0.38% respectively. Statistical analysis was undertaken independently on the test results from the 

inlet of the panels to determine the significance of the measured differences. ANOVA tests on the 

globally compacted sample results indicated that there wasn’t a statistically significant difference 

between the series, with a P-value of 0.11. T-tests on the locally compacted sample results indicated 

that local over compaction did result in a statistically significant reduction in void content, with a 

P-value of 0.02. Void dispersion was observed to be similar between series, with Figure 7.40a 

typifying the void distribution found at the inlet of all samples, with significant size voids forming 

in the inter-tow regions at a low concentration. 

Void content of the cured panels was observed to significantly increase at the outlet end of all series, 

with void distribution dependent on sample compaction thickness. Globally compacted samples 

with low, standard, and high compaction thickness samples had average void contents of 1.24%, 

0.75%, and 1.16%% respectively. Locally compacted preforms had average void contents of 1.43%. 

ANOVA tests on the globally compacted sample results indicated that there was not a statistically 

significant difference between the series, with a P-value of 0.41. T-tests on the locally compacted 

sample results indicated that local over compaction did not result in a statistically significant 

increase in outlet void content, with a P-value of 0.11. 
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a) 

 

b)  

 

c)  

 

d)  

 

e) 

 

Figure 7.40: Typical void contents for a) Inlet ends of all panels, b) outlet of standard panels, c) outlet of 

high thickness samples, d) outlet of low thickness samples, e) outlet of local compaction thickness samples 

Outlet void distribution was found to be dependent on global and local preform compaction 

thickness. Figure 7.40b, c, d, and e typify the void distribution found at the outlet of standard, 

high, and low compaction thicknesses, and locally compacted samples. Samples with standard or 

high compaction thickness are observed to experience void formation almost exclusively in the 

inter-tow region, with large bubbles observed in the cured samples in the resin rich flow channels 

between the tows of the textile. Conversely, samples with either global or local over compaction 

were observed to experience significant void formation in both the intra-tow and inter-tow regions.  

The observed differences in void location indicate changes in fluid flow rates in intra-tow and inter-

tow regions caused by preform compaction. Inter-tow voids, as observed in standard and high 

compaction thickness samples, are attributable to higher resin flow rates within tows than between 

them. Intra-tow voids, as observed in low compaction thickness samples, are attributable to the 
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inverse [122]. This change in flow can potentially be attributed to the higher binder areal coverage 

ratio observed in over compacted samples, with the increase in coverage reducing permeability and 

resin flow rates into tows, resulting in reduced intra-tow flow front speed and subsequent void 

formation.  

7.8.2.3 Mechanical Properties 

a) 

 

b) 

 

Figure 7.41: Average measured RTM laminate properties for a) Interlaminar shear strength, b) Combined-

loading compression strength 

The results of the short beam shear tests with one standard deviation error bars can be found in 

Figure 7.41a. Interlaminar shear strength was not observed to vary meaningfully between globally 

compacted samples, with standard, high, and low compaction thickness samples having average 

strengths of 45.0, 45.1, and 44.3 MPa respectively. No significant difference in strength was 

measured between the locally compacted and standard preforms, having interlaminar shear 

strengths of 44.5 and 45.0 MPa respectively. Statistical analysis was undertaken on the test results 

to determine the statistical significance of any differences. ANOVA analysis of the results indicated 

that there was no statistically significant difference between the panels, returning a P-value of 

0.38. The results show that differences in preform manufacturing and subsequent effects on binder 

coverage between laminate layers have not significantly affected interlaminar shear strength of 

the final laminate.  

The results of the combined loading compression strength tests with one standard deviation error 

bars can be found in Figure 7.41b. Compression strength was not observed to vary meaningfully 

between globally compacted samples, with low, standard, and high compaction thickness samples 

having average strengths of 392, 395, and 396 MPa respectively. No significant difference in 

strength was measured between locally compacted and standard preforms, having compression 

strengths of 391 and 396 MPa. Statistical analysis was undertaken on the test results determine 

the significance of the measured differences. ANOVA tests conducted on all sample results 

indicated that there wasn’t a statistically significant difference between the series, returning a P-
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value of 0.97. The results show that differences in preform manufacturing and subsequent effects 

on binder coverage and compaction resistance have not significantly affected compression strength 

of the final laminate.  

Although preform compaction thickness has been shown to influence void content, with global and 

locally low compaction thickness samples observed to have an increase in void area at the outlet 

end, this has not resulted in a decrease in interlaminar shear strength or compression strength. 

This can be attributed to the difference in void distribution. Although low compaction thickness 

samples have a higher total void content, the voids are significantly smaller and primarily form in 

intra-tow spaces. Conversely, the lower total void content of standard and high compaction 

thickness samples is concentrated in a much lower number of large voids formed in inter-tow 

regions. Previous studies have shown that void geometry and size has a substantial impact on the 

influence of void content on laminate strength, with larger voids being more detrimental to 

mechanical properties [130], [206]. Subsequently compression testing results have not been 

affected as significantly as could be expected when void content alone is considered.  

7.9 Conclusions 

A series of experiments concerning the effects of process parameters on preform properties and 

filling behaviour have been performed to determine the magnitude of their influence on subsequent 

stages of the resin transfer moulding process and final part quality. Through the use of destructive 

and non-destructive testing methods, a thorough understanding of the influence of preforming 

parameters on binder morphology, and the subsequent impacts on mould filling behaviour and part 

quality has been developed. Studies undertaken included assessing the impact of key process 

parameters on preform properties, determining the influence of varying preform properties on 

mould filling behaviours, and evaluating the effects of these combined changes on laminate quality. 

Concerning the effects of process parameters on preform physical properties, heating temperature 

was shown to have minimal impact on the measured parameters while the influence of pressing 

thickness was substantial. Decreasing preforming compaction thickness within the cold press 

resulted in reductions in preform compaction resistance, through-thickness permeability, and an 

increase in total inter-tow binder areal coverage.  

Concerning the effects of process parameters on mould filling, the changes in preform properties 

caused by decreasing compaction thickness were observed to significantly affect mould filling 

behaviour. Over compaction of preforms, and the subsequent reduction in compaction resistance 

and through-thickness permeability resulted in a dynamic compaction of the preform by the fluid 

pressure, substantially increasing filling rates.  

Although binder morphology and RTM filling modes were substantially affected by changes in 

preforming compaction thickness, no effect on final laminate mechanical strength was observed. 

The changes in binder location caused by over compaction did influence void location, but no effect 
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on either interlaminar shear strength or compression strength were observed. 

In addition to this, the viability of utilising localised changes in preforming parameters to alter 

filling behaviour was assessed. Investigations undertaken on the feasibility of using localised 

changes in preform filling, brought about through changes in preform manufacturing parameters, 

as an alternative to the use of resin flow channels yielded positive results. Localised flow 

acceleration through over compaction of regions of the preform was achieved without significant 

impacts on laminate strength. However, sufficient injection pressure is required to maintain 

localised flow acceleration across the entirety of the part in order for this method to be effective. 

This work represents a comprehensive development and implementation of the knowledge gained 

from prior studies on the influence of binder and preforming parameters on the RTM 

manufacturing process. The results of the study show that preforming is a key manufacturing step 

that has significant impacts on all downstream manufacturing stages. The results additionally 

suggest that localised changes in preforming have the potential to replace the need for resin flow 

channels in RTM moulds, eliminating the effects on laminate mechanical performance that they 

currently impose. 

 



  
 

   

 

 

 

 

 

 

 

 

 

 

 

 

8  
Non-Destructive Testing of Textile 

Preforms 

8.1 Introduction 

As previously addressed, fibre preforms are a critical semi-product in the resin transfer moulding 

manufacturing process chain, the properties of which are very influential on the subsequent resin 

infusion stage of RTM. However, the preforming process requires tight control to ensure 

consistency. With a large number of variables and process parameters requiring active 

measurement and control, achieving high quality simultaneously with low cost and variability has 

proven an elusive target. Although the effects of many parameters and variables have been studied 

and understood, others have seen little attention, and as a result process robustness and 

consistency often falls short of the levels desired. This leads to the formation of textile defects 

during the preforming process, including in-plane waviness, out-of-plane tow wrinkles and folds 

[207]. These cause significant reductions in the mechanical performance of the cured laminate in 

addition to causing local changes in preform permeability that negatively impact the mould filling 

process [208], [209]. In addition to this, as discussed in Chapter 7 concerning the effects of process 
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parameters on mould filling, changes in preform properties caused by decreasing compaction 

thickness significantly affect mould filling behaviour. Over compaction of preforms, and the 

subsequent reduction in compaction resistance and through-thickness permeability results in a 

dynamic compaction of the preform by the fluid pressure, substantially increasing filling rates. 

Subsequently, in order to establish robust and reliable manufacturing processes, identification of 

variances in preform textile structure need to be achieved as a part of quality and process control 

systems. Although inspection of preforms can be performed through manual disassembly of the 

textile structure, this is a time consuming and wasteful process that significantly increases costs. 

Non-destructive testing, conversely, allows the preform to be evaluated for variances in key 

parameters or the presence of defects without altering the original attributes. Subsequently this 

allows for comprehensive testing and individual inspection of every part produced without large 

increases in manufacturing cost [210].  

Non-destructive testing (NDT), also sometimes referred to as non-destructive evaluation (NDE) 

encompasses a wide variety of methods that allow for the identification and characterisation of 

variations within the materials of a structure without altering the component itself [211]. This 

allows for quality control, damage inspection, or structural review to be undertaken without 

requiring invasive testing methods that would otherwise negatively impact the object. A wide 

variety of techniques are utilised for non-destructive testing of composite materials. These include, 

ultrasonic imaging, thermographic imaging, radiographic imaging, optical testing, eddy current 

analysis, and other more niche techniques with unique applications [210]. Although there are a 

wide range of tools available for non-destructive testing, the majority of these methods have been 

developed for the inspection of cured laminates rather than semi-rigid fibre preforms [212]. Optical 

or visual assessment is not suitable for carbon fibre preforms due to the lack of material 

transparency, preventing analysis of the inner textile structure or identification of foreign objects. 

Ultrasonic inspection is equally unsuited to preform analysis as a coupling medium is required in 

order to generate meaningful results, generally being water. As the presence of water in textiles is 

detrimental to part quality in the resin transfer moulding process, implementation of this 

technique is infeasible [212].  

Research carried out by Heuer et al investigated the use of eddy current analysis for quality 

assurance in carbon fibre preform manufacturing [212]. It was found that radio frequency eddy 

current analysis with ranges up to 100MHz allowed for inspection of the fibre structure in carbon 

preforms. Through measurements of impedance both the permittivity and conductivity of the 

preform could be mapped. Measurements of conductivity were observed to contain information 

about fibre texture, such as orientation, the presence of gaps, or undulations in a multi-layered 

textile. Additionally, measurements of permittivity, influenced by dielectric properties within the 

preform, were observed to allow for the determination of local curing defects on final part 

properties. However, eddy current analysis has the disadvantage of requiring close proximity of 

the sensor head to the preform in order to generate an accurate image [213]. The small focal area 
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of the sensor means that large parts require many passes to form a complete image, with precise 

guidance of the sensor head required for preforms with complex geometries [214], [215]. This 

substantially increases analysis time, making it less suitable for large structures or in high 

production rate environments.  

In order to evaluate large areas of textile with acceptable processing times, full field non-

destructive imaging techniques are required. Full field techniques such as thermography and 

radiography capture large amounts of data within their field of view, allowing for inspection areas 

to be varied to increase detail or coverage respectively. Thermographic techniques utilise the 

propagation of a thermal front through a material, which is influenced by differences in 

conductivity [216]. Inhomogeneity in the analysed part will result in alterations to the thermal 

front propagation, resulting in a specific temperature profile on the measured surface [217]. 

External heat sources are usually utilised to generate the thermal wave, referred to as active 

thermography, with the type used dependant on the characteristics of the material to be measured. 

The relatively low conductivity of composite materials often results in halogen lamps being used 

as heat sources [218], [219]. Active thermography can be setup for transmissive or reflective 

measurement. Transmissive setups involve applying the heat pulse to the side of the part opposite 

the inspection area, with reflective setups applying the heat pulse on the side being measured. 

Although transmissive setups can provide detail at greater depths than reflective setups, they 

require access to both sides of the part to be inspected, limiting their use [219].   

Radiographic techniques utilise the measured attenuation of radio waves to image features within 

the area of inspection. A range of type of radiography exist, each being utilised in specific 

applications. Conventional radiography is suitable for composite structures of moderate 

thicknesses, with low voltage and γ-rays being utilised on thin and thick laminates respectively 

[220]. These radiography techniques are generally used for the detection of large voids, inclusions, 

trans-laminar cracks, non-uniform fibre distribution, and fibre mis-orientation such as fibre 

wrinkles in cured laminates [221]. In addition to this, X-ray computed tomography can be utilised 

to generate three-dimensional images of the internal structure of composite materials. However 

this technique requires large amounts of data processing, long imaging periods, and has a high 

operational cost, making it unsuitable for high production environments [221].  

Although the ability of these two methods to identify variability and defectiveness in cured 

composite structures is well documented [210], [219], [222]–[224], little research has been 

undertaken on their effectiveness for the evaluation of dry textile preforms. Therefore the ability 

of these methods to evaluate the quality of textile preforms and act as a quality assurance tool as 

a part of quality and process control systems is currently untested.  

 

8.1.1 Study Objectives 

As demonstrated in Chapter 7, variations in preforming parameters and fibre defects generated 

during the preforming process have the potential to significantly impact the mould filling 
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behaviour during resin injection in RTM processes. Subsequently, it is imperative to monitor 

preform quality in order to ensure consistency in the manufacturing process. However, thorough 

research has yet to be conducted on how features generated during the preforming process, such 

as variations in compaction thickness, folds, or wrinkles, can be identified non-destructively in a 

manner suitable for large volume production. This study investigates if established full-field non-

destructive testing methodologies are able to identify a range of preform defects/features. The 

ability of X-ray and active thermography imaging techniques to identify preform features including 

changes to local and global compaction thickness, folds, and wrinkles is assessed.  

8.2 Material Details and Layup Properties 

8.2.1 Fibre Reinforcement 

Two SGL ACF supplied carbon fibre unidirectional non-crimp fabrics (NCF) were used in this study. 

The textile materials include a small percentage by weight of a non-reactive thermoset binder 

material sintered to one side, to facilitate interlaminar bonding in the stacks after preforming. The 

fabrics consisted of SGl ACF C240 standard modulus carbon fibres in the principle direction, with 

a small amount of fiberglass acting as a stabiliser for the stitching at an orientation of 90°. Full 

textile specifications for each material are provided in Table 8.1.  

 

Table 8.1: Textile Specifications 

Textile 330gsm 180gsm 

Areal weight [g/m2] 330 180 

Fibre Areal Weight [g/m2] 303 154 

Stitching Tricot Tricot 

Binder weight [g/m2] 10 10 

Tow Width [mm] 5 5 

 

8.2.2 Laminate Stack Layup 

Two stack layups were utilised in the presented experimental studies. The first consisted of nine 

layers of the 330gsm NCF with the following fibre orientations: [+45°/-45°/0°/90°/0°/90°/0°/-

45°/+45°]. The layers were oriented such that the binder coated side faced towards the centre of 

the stack, being flipped about the fifth layer. These stacks had in plane dimensions of 270x270mm. 

The second layup consisted of seven layers of the 330gsm NCF with the following fibre orientations: 

[+45°/-45°/0°/90°/0°/-45°/+45°]. The layers were oriented such that the binder coated side faced 

towards the centre of the stack, being flipped about the sixth layer. These stacks had in plane 

dimensions of 340x3400mm. Specifications for each stack type are provided in Table 8.2 
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Table 8.2: Stack specifications 

Stack Type 1 2 

Nominal Areal weight [g/m2] 2970 2310 

Number of Layers 9 7 

Double Binder Interface 4/5 6/7 

Textile 330gsm 330gsm 

 

8.2.3 Stack Features 

A range of different features were introduced to both stack types in order to evaluated the ability 

of the non-destructive testing methods to identify variability in textile preforms of varying density. 

The features included extra fibre tows, folds, global changes in preforming thickness and local 

changes in preforming thickness. In addition to this defect free preforms were produced to serve 

as a reference. 

8.2.3.1 Stack Type 1 

A total of 10 variations of stack type 1 were manufactured, each with different features. Excluding 

the reference feature free stacks, all variations contained a series of additional tows from either 

the 330gsm or 180gsm fabrics. Additional tows of a range of widths and weights were placed at 

varying levels in the variations to evaluate the ability of each non-destructive testing method to 

detect these features. The details for each stack variation is given in Table 8.3, where weight, 

width, and location refer to the areal weight of the textile the tow was taken from, the number of 

tows, and the layers the tows are placed between respectively. Schematics of the features can be 

found in Appendix C.  

Table 8.3: Stack type 1 variations 

 Feature Details Preforming Thickness (mm) 

Variation Weight (g/m2) Width (Num. tows) Location  Hot Cold 

Reference - - - 2.8 2.5 

A 150 1 2/3 2.8 2.5 

B 300 1 2/3 2.8 2.5 

C 150 3 2/3 2.8 2.5 

D 300 3 2/3 2.8 2.5 

E 150 1 4/5 2.8 2.5 

F 300 1 4/5 2.8 2.5 

G 150 3 4/5 2.8 2.5 

H 300 3 4/5 2.8 2.5 

I 150/300 1/3 2/3-4/5 2.8 2.5 
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8.2.3.2 Stack Type 2 

A total of 9 variations of stack type 2 were manufactured, each with different features. Excluding 

the reference feature free stacks, variations contained either global changes in preforming 

thickness, local changes in preforming thickness, or folds. The details for each stack variation is 

given in Table 8.4, where feature type, feature details, and location are detailed. Schematics of the 

features can be found in Appendix C.  

Table 8.4: Stack type 2 variations 

 Feature Details Preforming Thickness (mm) 

Variation Feature Details Location  Hot Cold Local 

Reference - - - 3.6 3.2 - 

A Global Preforming Overcompaction - 3.1 2.9 - 

B Global Preforming  Undercompaction - 5.1 5.0 - 

C Local Preforming Overcompaction - 3.6 3.2 2.9 

D Local Preforming  Overcompaction - 3.6 3.2 2.7 

E Fold Two Tow Width 1/2 3.6 3.2 - 

F Fold Four Tow Width 1/2 3.6 3.2 - 

G Fold Two Tow Width 3/4 3.6 3.2 - 

H Fold Four Tow Width 3/4 3.6 3.2 - 

8.3 Experimental Apparatus and Methodology 

8.3.1 2D Preforming:  

Preforming of the samples was achieved using a two-stage pressing process. Stacks were placed in 

a heated flat platen press set to 185°C and compressed to a target thickness for a period of 30s. 

The stacks were then removed from the heated press and placed in a secondary cold press, with a 

transfer time of 15s. The cold press was used to compress the stack to a second target thickness, 

with a pressing period of 30s. Pressing thicknesses for the hot and cold presses were adjusted 

depending on the target properties of the preform sample to be manufactured. To create a locally 

over compacted region a shim was placed on the upper surface of preform prior to cold pressing to 

reduce the compaction thickness. Details of the location and orientation of the overcompacted 

region is given in Figure 8.1. 
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Figure 8.1: Locally overcompacted preform schematic 

8.3.2 X-Ray Non-Destructive Testing 

8.3.2.1 X-Ray System 

 

Figure 8.2: L3 PX 5.3 X-ray inspection system 

X-ray imaging of preforms on a production line requires rapid imaging and processing in order to 

keep up with production rates. Additionally, carbon preforms are of a relatively low density with 

small differences in structure due to features. Subsequently low energy x-ray imaging is required 

with high levels of contrast in order to be able to discern changes in fibre structure caused by 

additional material in the form of folds or extra tows, and changes in binder dispersion and packing 

caused by varying preforming thickness. As a result of these requirements an L3 PX 5.3 X-ray 

inspection system was utilised for evaluation of the preforms, as shown in Figure 8.2. This system 

provides high throughputs and low processing times and allows for continuous inspection. It 

utilises multi-directional dual-energy x-ray imaging to provide high levels of penetration, image 

resolution and clarity. Inbuilt image analysis tools include continuously adjustable contrast, 

sharpening and colour overlay for maximum detection capability. The X-ray sources operate at 

150kV, and the detector is configured in L-shaped folded array with 1152 photodiodes. 
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8.3.2.2 X-Ray Imaging Process 

The imaging process involved placing the reference preform on the inspection systems conveyor 

belt in the desired orientation. The preform then underwent a single pass through the X-ray 

imaging system. The resulting image was then reviewed using the inbuilt image analysis systems. 

Contrast and energy levels were then adjusted to give the highest level of detail attainable. The 

final x-ray image was then exported from the system and saved in a .TIFF format. 

8.3.3 Thermographic Non-Destructive Testing 

8.3.3.1 Thermography System 

As for X-rays, thermographic imaging of preforms on a production line requires low imaging and 

processing times in order to keep up with the production rate. The carbon preforms are of a 

relatively low density and thermal conductivity due to the large volume of air present between the 

fibres. Changes in fibre structure caused by additional material in the form of folds or extra tows, 

and changes in binder dispersion and packing caused by varying preforming thickness both result 

in small changes to preform conductivity and thermal inertia. Subsequently an active 

thermography system with a high level of contrast and resolution is required in order to be able to 

discern features within the preform. As a result of these requirements an Automation Technology 

IrNDT inspection system was utilised for evaluation of the preforms. This system provides high 

throughputs and low processing times for a range of target inspection areas. The setup utilised an 

Automation Technology IRS640X 640x480 pixel uncooled LWIR sensor with heating provided by 

two 2.0kW halogen lamps in order to provide high levels of penetration, image resolution and 

clarity. IrNDT-Base software was used to perform the active thermography tests and analyse the 

results, with lock-in and pulse modules enabled. Imaging was performed in both transmissive and 

reflective setups, as described in Sections 8.3.3.2 and 8.3.3.3. 

8.3.3.2 Transmissive Thermography 

The setup for transmissive thermography is shown in Figure 8.3. Two 2kW halogen lamps heat the 

rear of the preform which is held in place via a clamp along the top edge. Heat conducted to the 

front of the preform is recorded via the long wave infrared camera focused on the front face. For 

all tests a heating period of 8 seconds was used, followed by a cooling period of 50 seconds, with 

thermal data for the preform being recorded for the entire period.  

8.3.3.3 Reflective Thermography 

The setup for reflective thermography is shown in Figure 8.4. Two 2kW halogen lamps heat the 

front face of the preform which is placed on a low conductivity insulating foam to isolate it 

thermally from the setup bench. Heat conducted to the front of the preform is recorded via the long 

wave infrared camera focused on the front face. For all tests a heating period of 6 seconds was used, 

followed by a cooling period of 40 seconds, with thermal data for the preform being recorded for the 

entire period.  
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Figure 8.3: Setup used for transmissive thermographic imaging 

 

Figure 8.4: Setup used for reflective thermographic imaging 

8.3.3.4 Active Thermography Imaging Process 

After each thermographic test the data was processed via Automation Technology’s IrNDT-Base 

software. A range of different software based transformations were applied to the recorded data in 

order to enhance the visibility of features. This included transforms based on pulse phase, lock-in 

reference, Ln, and E. The first stage of post processing the recorded data involves the construction 
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of a polynomial function that closely approximates the measured signal for each pixel. Following 

this a range of functions can be applied to the polynomial approximation in order to remove noise 

and enhance feature clarity. Ln and E models develop polynomial functions with root and 

exponential approaches for the approximation of the temperature signal. The first and second 

derivatives of the reconstructed signal can then be utilised to enhance feature visibility [225]. 

Pulsed phase evaluations involve applying a Fourier transform to the recorded signal. This then 

allows for the image to be analysed in terms of absolute signal and phase spectrum as a function 

of frequency [225]. The recorded data was then inspected during the heating and cooling phases, 

and the data point which gave the highest clarity of features was noted. This data set was then 

exported to produce a thermal image of the preform at the desired point in time.  

8.4 Experimental Program 

In order to assess the ability of each non-destructive testing method to identify features in preforms 

a series of samples were evaluated via both methods. The samples contained a range of features in 

varying locations in preforms of two different areal weights, as outlined in Section 8.2. Each sample 

in both testing methods was analysed in two orientations; with the top layer of the preform oriented 

towards the imaging sensor, and with the bottom layer of the preform oriented towards the imaging 

sensor. This was done to assess the ability of each method to identify features depending on their 

location relative to the side of measurement. For thermography this process was only repeated in 

the reflective imaging setup. The full field images produced via these testing methods were then 

analysed by visual inspection to determine what features could and could not be distinguished.  

8.5 Results 

The ability of each non-destructive testing methodology to detect each feature type at each depth 

within the stack is demonstrated in the following sections. 

8.5.1 X-Ray 

8.5.1.1 Additional tows 

Results from X-ray scans of the type 1 stacks with extra tow type features are given in Table 8.5. 

Here for each stack variation the extra tow weight, width of tows and location in the stack is given. 

For each variation the number of these features that was able to be identified via x-ray is detailed 

for both stack orientations. Figure 8.5 shows the final x-ray images produced for each stack 

variation in the top layer toward sensor orientation.  
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Table 8.5: Summary of x-ray results of type 1 stacks 

Stack Type: 

1 
Feature Details Feature Detection 

Variation Tow Weight Tow Width Location 
Top Layer 

Toward Sensor 

Bottom Layer 

Toward Sensor 

A 150 1 2/3 2/6 2/6 

B 300 1 2/3 5/6 5/6 

C 150 3 2/3 6/6 6/6 

D 300 3 2/3 6/6 6/6 

E 150 1 4/5 0/6 0/6 

F 300 1 4/5 6/6 6/6 

G 150 3 4/5 6/6 6/6 

H 300 3 4/5 6/6 6/6 

I 150/300 1/3 2/3-4/5 6/8 6/8 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

h) 

 

i) 

 

  

Figure 8.5: Final x-ray images for extra tow type features for each stack variation with top layer toward 

sensor, labelled according to variation type. 
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The results shows that dual energy low intensity x-rays are able to identify the majority of the 

studied extra tow features, with 43 out 56 extra tows being distinguishable via visual inspection. 

The location of the defect within the preform relative to the measurement sensor does not affect 

measurement accuracy, with the same number of features being identified in both face up and face 

down orientations. It can be seen that both tow weight and tow width affect the measurement 

accuracy. While tows with an areal weight of 300g/m2 have an identification rate of 96% with 27 

out of 28 features being distinguishable, tows with an areal weight of 150g/m2 only have an 

identification rate of 57%. Similarly, features with a width of three tows have an identification rate 

of 100% with 28 out of 28 features being distinguishable, while with a width of one tow have an 

identification rate of 54%. As a result, features that combined low widths with low areal weights 

have very low rates of identification, with single tow 150g/m2 features only being identifiable in 

14% of cases.  

8.5.1.2 Preforming Thickness 

Results from X-ray scans of the type 2 stacks with preforming thickness related features are given 

in Table 8.6. Here for each stack variation the locality of preforming thickness and direction of 

change is given. For each variation the number of these features that was able to be identified via 

x-ray is detailed for both stack orientations. Figure 8.6 shows the final x-ray images produced for 

each stack variation in the top layer toward sensor orientation. 

 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 8.6: Final x-ray images for preforming thickness features for each variation with top layer toward 

sensor, labelled accordingly. 
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The results shows that dual energy low intensity x-rays are able to identify none of the studied 

preforming thickness related features, with no changes in preform structure being distinguishable 

via visual inspection at even the maximum level of contrast. As shown in Figure 8.6a and Figure 

8.6b differences in global preforming thickness are not discernible visually. Additionally Figure 

8.6c and Figure 8.6d demonstrate that local changes in preforming thickness are not discernible 

either. The location of the feature within the preform relative to the measurement sensor did not 

affect measurement accuracy, with clear feature identification being impossible for localised 

changes in preforming thickness regardless of orientation. This is a result of the transmissive x-

ray imaging method employed, where the x-ray energy and intensity recorded by the receiver is 

used in the image creation process. Although changes in preforming thickness alter the density of 

the preform on the macro scale, the total volume of material that the x-ray must pass through 

remains constant. Therefore the influence on x-ray energy remains unaltered.   

 

Table 8.6: Summary of x-ray results of type 2 stacks 

Stack Type: 

2 
Feature Details Feature Detection 

Variation Feature Details 
Top Layer 

Toward Sensor 

Bottom Layer 

Toward Sensor 

A Global Preforming Overcompaction 0/1 0/1 

B Global Preforming  Undercompaction 0/1 0/1 

C Local Preforming Overcompaction 0/1 0/1 

D Local Preforming  Overcompaction 0/1 0/1 

 

8.5.1.3 Folds 

Results from x-ray scans of the type 2 stacks with fold type features are given in Table 8.7. Here 

for each stack variation the fold width in terms of number of tows, and location in the stack is 

given. For each variation the number of these features that was able to be identified via x-ray is 

detailed for both stack orientations. Figure 8.7 shows the final x-ray images produced for each 

stack variation in the top layer toward sensor orientation. The results shows that dual energy low 

intensity x-rays are able to identify all of the studied extra tow features. Additionally, neither the 

fold width nor the location of the defect within the preform relative to the measurement sensor 

affects measurement accuracy, with the same number of features being identified in both face up 

and face down orientations.  
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Table 8.7: Summary of x-ray results of type 2 stacks 

Stack Type: 

2 
Feature Details Feature Detection 

Variation Feature Details Location 
Top Layer 

Toward Sensor 

Bottom Layer 

Toward Sensor 

E Fold Two Tow Width 1/2 1/1 1/1 

F Fold Four Tow Width 1/2 1/1 1/1 

G Fold Two Tow Width 3/4 1/1 1/1 

H Fold Four Tow Width 3/4 1/1 1/1 

 

e) 

 

f) 

 

g) 

 

h) 

 

Figure 8.7: Final x-ray images for fold features for each variation with top layer toward sensor, labelled 

accordingly. 

8.5.2 Reflective Thermography 

8.5.2.1 Additional tows 

Results from reflective thermography tests of the type 1 stacks with extra tow type features are 

given in Table 8.8. Here for each stack variation the extra tow weight, width of tows and location 

in the stack is given. For each variation the number of these features that was able to be identified 

via thermography is detailed for both stack orientations. In addition to this, the software based 

transformation that gave the greatest clarity and highest identification rate of features is given.  

The results shows that reflective active thermography is able to identify the majority of the studied 

extra tow features, with 54 out 56 extra tows being distinguishable via visual inspection in either 

orientation. The location of the defect within the preform relative to the measurement sensor does 
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affect measurement accuracy. 100% of features were identified in orientations where the defect is 

closest to the sensor facing surface (stacks variations a, b, c, d, i top layer toward sensor, variations 

e, f, g, h bottom layer toward sensor) while only 93% were identifiable in orientations where the 

defect was closest to the non-sensor facing surface (stacks variations a, b, c, d, i bottom layer toward 

sensor, variations e, f, g, h top layer toward sensor). Figure 8.8 demonstrates the effect of a features 

proximity to the measured surface on visibility.  

 

Table 8.8: Summary of reflective thermography results of type 1 stacks 

Stack 

Type: 1 
Feature Details Feature Detection / Transform Applied 

Variation Tow Weight Tow Width Location 
Top Layer 

Toward Sensor 

Bottom Layer 

Toward Sensor 

A 150 1 2/3 6/6  Lockin - ref 5/6 Lockin - ref 

B 300 1 2/3 6/6 Lockin - ref 6/6 E 

C 150 3 2/3 6/6 Lockin - ref 6/6 Lockin - ref 

D 300 3 2/3 6/6 Lockin - ref 6/6 E 

E 150 1 4/5 4/6 E 6/6 Lockin - ref 

F 300 1 4/5 6/6 E 6/6 E 

G 150 3 4/5 6/6 E 6/6 Lockin - ref 

H 300 3 4/5 6/6 E 6/6 E 

I 150/300 1/3 2/3-4/5 8/8 E 7/8 E 

 

 

a) 

 

b) 

 

Figure 8.8: Reflective thermography images of stack E showing the difference in clarity of features when 

oriented: a) bottom layer toward sensor, b) top layer toward sensor. 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 8.9: Reflective thermography images of stacks a, b, c, and d showing the effects of tow width and 

weight on feature clarity. 

The results demonstrate that similar to x-ray, both tow weight and tow width affect the 

measurement accuracy of reflective thermography. Figure 8.9 demonstrates the effects of tow width 

and weight on feature clarity. Tows with an areal weight of 300g/m2 have an identification rate of 

100%, while tows with an areal weight of 150g/m2 only have an identification rate of 96% for a 

single orientation. Similarly, features with a width of three tows have an identification rate of 

100%, while features with a width of one tow have an identification rate of 96%. In both cases it 

was the features with the same combination of parameters, single tow width, 150g/m2 tow weight 

that were not identified. 

The software based transformation that gave the greatest clarity and highest identification rate of 

features was observed to be dependent on the location of the defect within the preform relative to 

the measurement sensor and the weight of the tow. Overall the E and lockin-ref type transforms 

of the recorded data performed equally well, both giving the greatest clarity and identification in 

50% of the studied stack variants and measurement orientations. However, in situations where 

the defect is closest to the sensor facing surface (stacks variations a, b, c, d, i top layer toward 

sensor, variations e, f, g, h bottom layer toward sensor) the lockin-ref type transformation was 

observed to perform best, giving the greatest clarity and identification capability. This is shown in 

Figure 8.10a and b. Conversely, in situations where the defect was closest to the non-sensor facing 
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surface (stacks variations a, b, c, d, i bottom layer toward sensor, variations e, f, g, h top layer 

toward sensor) the E type transformation performed best, as shown in Figure 8.10c and d. 

Additionally the lockin-ref transform performs best at identifying lower areal weight features, 

being the best performing method in stack variants a, c, e, and g, while the E transform produces 

better results for higher areal weight features in stack variants b, d, f, and h.  

 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 8.10: Reflective thermography images of: a) stack A, top layer toward sensor, lockin-ref transform, b) 

stack A, top layer toward sensor, E transform, c) stack B, bottom layer toward sensor, lockin-ref transform, 

d) stack B, bottom layer toward sensor, E transform. 

8.5.2.2 Preforming Thickness 

Results from reflective thermography tests of the type 2 stacks with preforming thickness related 

features are given in Table 8.9. Here for each stack variation the locality of preforming thickness 

and direction of change is given. For each variation the number of these features that was able to 

be identified via thermography is detailed for both stack orientations. In addition to this, the 

software based transformation that gave the greatest clarity and highest identification rate of 

features is given.  

The results show that reflective thermography is able to identify all of the studied extra preforming 

thickness related features, with changes in preform structure being distinguishable via visual 

inspection. In all cases pulse-phase based transformation of the data gave the greatest clarity and 
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highest identification rate of features. While the location of the feature within the preform relative 

to the measurement sensor did not affect measurement accuracy, with clear feature identification 

being possible for localised changes in preforming thickness regardless of orientation, higher 

contrast was present with the overcompacted region facing the sensor. This is seen in the 

comparison between Figure 8.10a and Figure 8.10b, and Figure 8.10c and Figure 8.10d. A decrease 

in compaction thickness in the overcompacted region from 2.9mm in variation C to 2.7mm in 

variation D was not observed to result in a distinguishable difference. 

Table 8.9: Summary of reflective thermography results of type 2 stacks 

Stack 

Type: 2 
Feature Details Feature Detection 

Variation Feature Details 
Top Layer 

Toward Sensor 

Bottom Layer 

Toward Sensor 

A Global Preforming Overcompaction 1/1 Pulse Phase 1/1 Pulse Phase 

B Global Preforming  Undercompaction 1/1 Pulse Phase 1/1 Pulse Phase 

C Local Preforming Overcompaction 1/1 Pulse Phase 1/1 Pulse Phase 

D Local Preforming  Overcompaction 1/1 Pulse Phase 1/1 Pulse Phase 

 

a) 

 

b) 

 

c) 

 

d) 

 

Table 8.10: Reflective thermography images of stack type 2 variation C: a) top layer toward sensor, b) 

bottom layer toward sensor. And variation D: c) top layer toward sensor, d) bottom layer toward sensor. 
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8.5.2.3 Folds 

Results from reflective thermography tests of the type 2 stacks with fold type features are given in 

Table 8.11. For each variation the number of these features that was able to be identified via 

thermography is detailed for both stack orientations. In addition to this, the software based 

transformation that gave the greatest clarity and highest identification rate of features is given.  

Figure 8.11 shows the images produced for each of the variations in both fold width and location 

within the laminate. The results show that reflective thermography is able to identify all of the 

studied fold features, irrespective of fold width or location within the stack. It can be observed that 

there is a region of increased contrast adjacent to the fold in variations E and F, where the feature 

is close to the outer layer of the preform. This is not present in variations G and H where the 

feature is located more centrally within the stack. It is anticipated that the increased area of 

contrast is the result of fibre bridging in layers adjacent to the fold, resulting in a decrease in 

thermal conductivity. In all cases lockin-ref based transformation of the data gave the greatest 

clarity and highest identification rate of features. Location of the feature within the preform 

relative to the measurement sensor did not affect measurement accuracy, with clear feature 

identification being possible for all combination of fold parameters regardless of orientation. 

However, higher contrast was present with the overcompacted region facing the sensor, producing 

a sharper and more defined visualisation of the feature.  

e) 

 

f) 

 

g) 

 

h) 

 

Figure 8.11: Reflective thermography images of stack type 2 variation e, f, g, and h, labelled accordingly, 

with top layer of stack oriented toward sensor 
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Table 8.11: Summary of reflective thermography results of type 2 stacks 

Stack 

Type: 2 
Feature Details Feature Detection 

Variation Feature Details 
Top Layer Toward 

Sensor 

Bottom Layer 

Toward Sensor 

E Fold Two Tow Width 1/1 Lockin - ref 1/1 Lockin - ref 

F Fold Four Tow Width 1/1 Lockin - ref 1/1 Lockin - ref 

G Fold Two Tow Width 1/1 Lockin - ref 1/1 Lockin - ref 

H Fold Four Tow Width 1/1 Lockin - ref 1/1 Lockin - ref 

 

8.5.3 Transmissive Thermography 

8.5.3.1 Additional tows 

Table 8.12: Summary of transmissive thermography results of type 1 stacks 

Stack 

Type: 1 
Feature Details Feature Detection 

Variation Tow Weight Tow Width Location 
Bottom Layer Toward 

Sensor 

A 150 1 2/3 5/6 Pulse Phase 

B 300 1 2/3 6/6 Pulse Phase 

C 150 3 2/3 6/6 Pulse Phase 

D 300 3 2/3 6/6 Pulse Phase 

E 150 1 4/5 5/6 Pulse Phase 

F 300 1 4/5 6/6 Pulse Phase 

G 150 3 4/5 6/6 Pulse Phase 

H 300 3 4/5 6/6 Pulse Phase 

I 150/300 1/3 2/3-4/5 8/8 Pulse Phase 

 

Due to the difficulties in identifying low areal weight extra tow features via reflective 

thermography, the type 1 stacks were reanalysed via transmissive thermography to determine if 

better results could be obtained. Results from transmissive thermography tests of the type 1 stacks 

with extra tow type features are given in Table 8.12. For each variation the number of these 

features that was able to be identified via thermography is detailed for a single orientation. 

Additionally the software based transformation that gave the greatest clarity and highest 

identification rate of features is given.  
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 Reflective  Transmissive 

a) 

 

a) 

 

b) 

 

b) 

 

c) 

 

c) 

 

d) 

 

d) 

 

Figure 8.12: Comparison of reflective and transmissive thermography for stack variations a, b, c, and d. 
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Figure 8.12 demonstrates the difference in image produced by reflective and transmissive 

thermography for stack variants a-d. The results shows that transmissive active thermography is 

able to identify an equal number of features to reflective thermography, with 54 out 56 extra tows 

being distinguishable via visual inspection in either orientation. However, transmissive 

thermography is observed to generally result in greater distinguishability of features, with lower 

levels of variance in the preform resulting in features standing out more clearly. As for reflective 

thermography it was features with single tow width, 150g/m2 tow weight that were not identified. 

For reflective thermography these features could not be identified due to the low levels of contrast 

they instigated relative to the natural variation present in the preform. However, for transmissive 

thermography these features failed to be identified due to a lack of isolation of the targeted area 

from background heat sources due to software processing issues. The lack of automatic isolation 

resulted in a wider temperature range to be expressed, resulting in lower levels of contrast within 

the preform. The effect of failed automatic isolation can be seen in Figure 8.13. It is anticipated 

that if automatic isolation of the area was executed correctly that transmissive thermography 

would provide higher rates of feature identification then reflective thermography.  

 

a) 

 

b) 

 

Figure 8.13: Example of transmissive thermography a) with isolation and b) without isolation 

8.6 Conclusions 

A series of experiments concerning the non-destructive testing of carbon preforms have been 

performed to determine the ability of non-destructive imaging techniques to identify variability 

and defectiveness of textile structures. Through the evaluation of a series of carbon fibre preforms 

with a range of features, a thorough understanding of the ability of radiography and active 

thermography to act as quality and process control tools in the preform production process chain 

has been developed. Studies undertaken included assessing the ability of dual energy x-rays and 

reflective and transmissive thermography to identify preform features includes changes in global 

and local preforming thickness, extra tows, and folds. 
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Dual energy x-ray inspection was found to be able to identify the majority of textile defects, but 

could not detect changes resulting from variations in preforming parameters. X-ray imaging was 

able to identify 77% of extra tow type defects at a range of depths, with low density single tows 

proving difficult to distinguish from inherent variation in the preform structure. All variations of 

fold defects that were included in this study were identified. Changes in preforming thickness were 

not detected on either a global or local scale. Proximity of the defect to the sensor facing side of the 

preform was not observed to influence feature identification. 

Active thermography was found to be able to identify almost all textile defects, and detect changes 

in preforming parameters. Reflective active thermography was able to identify 96% of extra tow 

type defects at a range of depths, with low density single tows again proving difficult to distinguish 

from inherent variation in the preform structure. All variations of fold defects that were included 

in this study were identified. Changes in preforming thickness were clearly detected on both a 

global and local scale. Proximity of the defect to the sensor facing side of the preform was observed 

to influence feature identification, with surface defects more readily and clearly identified.  

The software based transformation that gave the greatest clarity and highest identification rate of 

features was observed to be dependent on the location of the defect within the preform relative to 

the measurement sensor and the type of feature.  

Transmissive thermography was able to identify an equal number of features to reflective 

thermography. However, transmissive thermography was observed to generally result in greater 

distinguishability of features, with lower levels of variance in the preform resulting in features 

standing out more clearly. 

This work represents an initial investigation into the potential of full field non-destructive imaging 

techniques to be utilised for quality control and early defect detection in the resin transfer 

moulding manufacturing process. The results of the study show that features including changes in 

compaction thickness, folds and extra tows can be detected in carbon fibre preforms. The results 

suggest that active thermography provides the highest level of feature detection, and that post 

processing techniques applied to the data have a significant impact on the visibility of different 

type of features. Further studies on a wider range of preform with a wider range of materials, 

feature types and geometries is still required to be develop a better understanding of the 

capabilities of the imaging methods used.  
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9  
Conclusions and Future Work 

9.1 Summary 

With a large number of variables and process parameters requiring active measurement and 

control, achieving high quality simultaneously with low cost and variability has proven to be 

difficult to execute for industrial LCM processes. Although the effects of many parameters and 

variables have been studied and understood, others have received little attention. As a result 

process robustness and consistency often fails to meet desired levels, resulting in defects. 

Determining which process parameters can be controlled to prevent defects or mitigate their effects 

is key to developing robust, high value LCM processes. By defining processing windows for these 

parameters there is the potential for both the material and manufacturing costs of FRPs to be 

significantly reduced. This thesis focused on the study of key process and environmental 

parameters for liquid composite manufacturing and introducing non-destructive measurement 

methods for these to allow for improvements in both quality and consistency. This thesis contains 

two distinct streams of work focusing on vacuum assisted resin infusion and resin transfer 

moulding composite manufacturing methods.
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9.1.1 Vacuum Assisted Resin Infusion 

Reviews of prior literature have shown that insufficient investigation had been undertaken on the 

effects of infusion methodology, resin dissolved gas content, and the effects of pre-cure 

environmental moisture. These topics were investigated in detail, and the knowledge gained was 

utilised to develop a high performance infusion manufacturing methodology that was benchmarked 

against autoclave cured prepreg. 

Concerning infusion methodology, an objective comparison between Resin Infusion methods 

currently used was completed, providing a level comparison where possible, maintaining the same 

conditions across the techniques studied. Six different resin infusion methods including VARTM, 

SCRIMP, CAPRI, DBVI, VAP, and PI were investigated to discern if the modifications made 

relevant to the standard VARTM process have a distinguishable effect, and how significant the 

effect was. Process parameters were found to vary significantly between methodologies, with large 

differences in infusion time, laminate pressure and thickness relaxation, and resin usage. Fibre 

volume fractions were found to vary significantly both between methodologies and along the 

infusion length of panels produced by some methods. Differences of up to 13% and 10% were found 

in short beam strength and compression strength between the infusion methods. There was found 

to be no significant difference in void content between methodologies once the best process 

parameters had been established, with the exception of PI which resulted in a significant increase. 

Subsequently, a series of experiments concerning the characteristics of dissolved gasses in epoxy 

resin were performed to determine optimal processing conditions for producing low void content 

laminates. Resin degassing pressure was found to be highly influential on the effectiveness of 

degassing, with pressures under 5mBar recommended to ensure rapid and thorough removal of 

dissolved gasses. Addition of a nucleation agent to resin was found to increase degassing rates in 

processes with degassing pressures greater than 15mBar, while the use of deaerating additives in 

the resin was found to detrimentally impact dissolved oxygen removal. The absorption of oxygen 

back into degassed resin at atmospheric conditions was determined to be Fickian in nature, and 

the diffusion coefficient for the resin system studied was derived from experimental data. This 

allowed the development of an absorption model that could be used to accurately assess the useful 

shelf life of degassed resin based on initial dissolved oxygen content and resin depth. The 

saturation point of dissolved oxygen in resin was found to linearly correlate with resin pressure, 

enabling a binary saturation condition to be easily determined based on measurements of dissolved 

oxygen content and pressure. The binary saturation condition of the resin during vacuum assisted 

resin infusion processes was found to directly impact void content of the cured laminate. Resin that 

was oversaturated with dissolved gas relative to the set postfill fluid pressure was found to result 

in average void contents ranging from 1-2% across the laminate, being highest at the resin inlet 

end. Undersaturated resin resulted in consistently low void contents, being less than 0.2% across 

the laminate. 

 



9.1 Summary 227 

 
   

 

A number of tests concerning the characteristics of moisture absorption and desorption in vacuum 

infusion constituent materials were performed to determine the influence of pre-infusion moisture 

content on vacuum infused laminate mechanical properties. Humidity level that textiles are 

exposed to prior to infusion was identified as the key factor influencing retained moisture content. 

Although applying a vacuum to the layup significantly reduced water content, a certain amount of 

latent moisture was demonstrated to remain, determined by the initial moisture content of the 

material. Elevated temperatures are required to return the consumables and reinforcing fibres to 

a completely dry state. The absorption of moisture into resin at atmospheric conditions was 

determined to be Fickian in nature, and the diffusion coefficient was derived experimentally. This 

allowed the development of an absorption model that could accurately assess the useful shelf life 

of dry resin based on initial moisture content, humidity level, and resin depth. Vacuum pressure 

and resin depth were identified as key factors influencing moisture removal rates from epoxy resins. 

To facilitate effective moisture removal from resin, degassing should occur at pressures below the 

10-15mBar transition point. When such pressures are not achievable resin depth should be 

minimised, although under these conditions moisture removal rates are still reduced by up to four 

orders of magnitude. Uncured resin moisture content was found to have a direct impact on resin 

mechanical properties, which can vary significantly from the previously observed influence of 

moisture absorbed into laminates after manufacturing, and placed in service. Resin tensile 

strength and strain to failure were both reduced by up to 50% through moisture sorption when 

allowed to equilibrate in an atmosphere of 90% relative humidity, with stiffness not being 

significantly impacted. Uncured resin moisture content was observed to have a significant impact 

on laminate mechanical properties, with up to a 20% reduction in compression strength, similar to 

that of moisture absorbed into the laminate post-cure. Moisture content was not observed to have 

any influence on laminate void content. The observed reduction in compression strength for 

laminates infused at high humidities was most likely a direct consequence of reduced resin 

strength or plasticity, as opposed to a reduction in interfacial bond strength. 

The information gained from these studies was used to refine a high performance infusion method. 

Through the use of process improvements, including changes to the infusion process, and control 

of environmental influences such as moisture and dissolved gasses, a highly refined infusion 

process was developed. A comparative study was then undertaken to determine how closely parts 

produced by a highly refined resin infusion process could match the performance of the traditional 

autoclave prepreg manufacturing process when identical fibre reinforcements were used. 

Concerning laminate physical properties, the resin infusion process was shown to outperform 

autoclave cured prepreg in terms of both fibre-volume fraction and void content. Infused samples 

had average measured void contents ~0.14% lower and fibre-volume fractions 0.033 higher than 

autoclave cured prepreg. With additional compaction cycles applied prior to the infusion step, fibre 

volume fractions of 0.64 are theoretically possible utilising the materials studied and the developed 

infusion process. Concerning laminate strength, the resin infusion process was able to match the 
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performance of autoclave cured prepreg in compression but not interlaminar shear. Infused 

samples had average combined loading compression strengths 3.5% higher than prepreg, but 

interlaminar shear strength was measured to be 8% lower. The lower interlaminar shear strength 

of the infused samples is partially attributable to the lower strength of the infusion resin system.  

9.1.2 Resin Transfer Moulding 

Reviews of prior literature showed that limited investigation had been undertaken on the effects 

of preforming process parameters on preform properties, and the effects on subsequent stages of 

the RTM manufacturing process and final part quality. The effects of temperatures and thicknesses 

applied during a preforming process were investigated in detail, and the ability of non-destructive 

testing methods to detect subsequent variations in preform morphology and properties was 

assessed. 

Through the use of destructive and non-destructive testing methods, a thorough understanding of 

the influence of preforming parameters on binder morphology, and the subsequent impacts on 

mould filling behaviour and part quality have been developed. Studies undertaken included 

assessing the impact of key process parameters on preform properties, determining the influence 

of varying preform properties on mould filling behaviours, and evaluating the effects of these 

combined changes on laminate quality. 

Concerning the effects of process parameters on preform physical properties, heating temperature 

was shown to have minimal impact on the measured parameters while the influence of pressing 

thickness was substantial. Decreasing preforming compaction thickness within the cold press 

resulted in reductions in preform compaction resistance, through-thickness permeability, and an 

increase in total inter-tow binder areal coverage. Concerning the effects of process parameters on 

mould filling, the changes in preform properties caused by decreasing compaction thickness were 

observed to significantly affect mould filling behaviour for the material system studied. Over 

compaction of preforms, and the subsequent reduction in compaction resistance and through-

thickness permeability resulted in a dynamic compaction of the preform by the fluid pressure, 

substantially increasing filling rates. Although binder morphology and RTM filling modes were 

substantially affected by changes in preforming compaction thickness, no effect on final laminate 

mechanical strength was observed. The changes in binder location caused by over compaction did 

influence void location, but no effect on either interlaminar shear strength or compression strength 

were observed. In addition to this, the viability of utilising localised changes in preforming 

parameters to alter filling behaviour was assessed. Investigations undertaken on the feasibility of 

using localised changes in preform filling, brought about through changes in preform 

manufacturing parameters, as an alternative to the use of resin flow channels yielded positive 

results. Localised flow acceleration through over compaction of regions of the preform was achieved 

without significant impacts on laminate strength. However, sufficient injection pressure is 

required to maintain localised flow acceleration across the entirety of the part. 
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Based on the findings of the previous study, a series of experiments concerning the non-destructive 

testing of carbon preforms were performed to determine the ability of non-destructive imaging 

techniques to identify variability and defects (presence, severity) in textile structures. Through the 

evaluation of a series of carbon preforms with a range of features, a thorough understanding of the 

ability of radiography and active thermography to act as quality and process control tools in the 

preform production process chain has been developed. Studies undertaken included assessing the 

ability of dual energy x-rays and reflective and transmissive thermography to identify preform 

features includes changes in global and local preforming thickness, extra tows, and folds. Dual 

energy x-ray inspection was found to be able to identify the majority of textile defects, but could 

not detect changes in preforming parameters. X-ray imaging was able to identify 77% of extra tow 

type defects at a range of depths, with low density single tows proving difficult to distinguish from 

inherent variation in the preform structure. All variations of fold defects that were included in this 

study were identified. Changes in preforming thickness were not detected on either a global or 

local scale. Proximity of the defect to the sensor facing side of the preform was not observed to 

influence feature identification. Active thermography was found to be able to identify the almost 

all textile defects considered, and detect changes in structure due to preforming parameter 

variations. Reflective active thermography was able to identify 96% of extra tow type defects at a 

range of depths, with low density single tows again proving difficult to distinguish from inherent 

variation in the preform structure. All variations of fold defects that were included in this study 

were identified. Changes in preforming thickness were clearly detected on both a global and local 

scale. Proximity of the defect to the sensor facing side of the preform was observed to influence 

feature identification, with surface defects more readily and clearly identified. The software based 

transformation that gave the greatest clarity and highest identification rate of features was 

observed to be dependent on the location of the defect within the preform relative to the 

measurement sensor and the type of feature.  

9.2 Conclusions 

Concerning vacuum assisted resin infusion, reviews of prior literature have shown that limited 

research had been undertaken on the effects of infusion methodology, resin dissolved gas content, 

and the effects of pre-cure environmental moisture. These topics were investigated in detail, with 

infusion methodology, resin dissolved gas saturation state, and resin moisture content all being 

found to have significant impacts on the manufacturing process and final part quality. The 

knowledge gained was utilised to develop a high performance infusion manufacturing methodology 

that matched or exceeded some physical and mechanical properties of the autoclave cured prepreg 

against it was benchmarked, including fibre volume fraction, modulus, and compressive strength.  

Concerning Resin Transfer Moulding (RTM), the effects of preforming temperature and thickness 

were investigated in detail, with preforming thickness being found to significantly affect preform 
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properties and subsequent RTM mould filling behaviour. Over compaction of preforms, and the 

subsequent reduction in compaction resistance and through-thickness permeability resulted in a 

dynamic compaction of the preform by the fluid pressure, substantially increasing filling rates with 

no effect on final laminate mechanical strength. Additionally, localised flow acceleration through 

over compaction of regions of the preform was achieved without significant impacts on laminate 

strength. Based on these findings, a series of experiments concerning the non-destructive testing 

of carbon preforms were performed to determine the ability of non-destructive imaging techniques 

to identify variability and defects (presence, severity) within textile structures. Through the 

evaluation of a series of carbon preforms with a range of features, a thorough understanding of the 

ability of radiography and active thermography to act as quality and process control tools in the 

preform production process chain has been developed. 

This body of research as a whole demonstrated the manufacturing and part quality benefits that 

can be realised through the methodical assesment of influential factors in LCM processes. 

Identifying additional key process parameters for liquid composite manufacturing, and introducing 

non-destructive measurement methods for these enables improvements in both quality and 

consistency. In addition to this, newly indentified key parameters can be utilised to increase the 

allowable level of variability in manufacturing, minimising defect formation and reducing cost.   

9.3 Original Contributions 

This research has provided a number of original contributions to the field of liquid composite 

manufacturing. These are summarized in the following: 

9.3.1 Vacuum Assisted Resin Infusion 

 Infusion Methodology:  

This work presented the first comparison between the most common varieties of resin 

infusion methods currently in use in industry, providing a level comparison of all methods 

in identical circumstances. Substantial efforts have been made to give a fair evaluation of 

the purported benefits of each infusion method when contrasted against a wide range of 

alternatives.  

 Resin Dissolved Gas: 

This work represents the first comprehensive investigation on the effects of dissolved 

oxygen content on void formation in resin infusion processes, covering a wide range of key 

characteristics required to design and develop robust manufacturing processes. It has been 

shown that resin dissolved oxygen content is a key manufacturing parameter that requires 

active measurement to ensure low void content in high performance infusion 

manufacturing processes, and the need for resin specific dissolved gas measurement 

equipment to be developed has been highlighted. 
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 Pre-cure Environmental Moisture: 

This study represents the first comprehensive investigation on the influence of pre-infusion 

moisture content on vacuum infused laminate mechanical properties, covering a wide 

range of key characteristics required to design and develop robust manufacturing 

processes. It has been demonstrated that uncured resin moisture content is a key 

manufacturing parameter that requires active measurement and minimisation to ensure 

design strength is achieved in high performance composite applications.  

 High Performance Infusion Manufacturing Methodology: 

This work represents a comprehensive development and implementation of the novel 

knowledge gained from studies on infusion methodologies and process environmental 

conditions. The results of the study showed that a highly refined resin infusion process can 

produce laminates that match the quality of autoclave cured prepreg without the inclusion 

of process changes that negatively impact the cost and flexibility of infusion manufacturing. 

9.3.2 Resin Transfer Moulding 

 Effects of Preforming Process Parameters on Subsequent Stages of the RTM 

Manufacturing Process: 

This investigation represents the first comprehensive study on the influence of binder and 

preforming parameters on all phases of the RTM manufacturing process. The results of the 

study show that preforming is a key manufacturing step that has significant impacts on 

all downstream manufacturing stages. The results suggest that localised changes in 

preforming have the potential to replace the need for resin flow channels in RTM moulds, 

eliminating the effects on laminate mechanical performance that they currently impose. 

 Non-destructive Testing of Carbon Preforms: 

This work represents the first preliminary investigation into the potential of full field non-

destructive imaging techniques to be utilised for quality control and early defect detection 

in the resin transfer moulding manufacturing process. The results of the study show that 

features including changes in compaction thickness, folds and extra tows can be detected 

in carbon preforms. The results suggest that active thermography provides the highest 

level of feature detection, and that post processing techniques applied to the data have a 

significant impact on the visibility of different type of features. Further studies on a wider 

range of preform with a wider range of materials, feature types and geometries is still 

required to be develop a better understanding of the capabilities of the imaging methods 

used.  
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9.4 Future Work 

Through the course of this research several areas have been identified as areas requiring 

additional investigation. These are summarised in the following: 

9.4.1 Vacuum Assisted Resin Infusion 

 Resin Dissolved Gas: 

− Investigation of the effects of resin temperature on dissolved gas removal rates 

− Characterisation of gas removal via vacuum over a wider range of resin types 

 Pre-cure Environmental Moisture: 

− Development of a comprehensive model describing the relationship between resin 

moisture removal rates, applied vacuum, and resin depth. 

− Investigation of the effects of pre-cure moisture content on a wider range of resin 

types. 

 High Performance Infusion Manufacturing Methodology: 

− Comparison of the developed high performance infusion methodology to autoclave 

cured uni-directional prepreg tape 

9.4.2 Resin Transfer Moulding 

 Effects of Preforming Process Parameters on Subsequent Stages of the RTM 

Manufacturing Process: 

− Development of an analytical model that can predict the distance over which rapid 

surface filling will occur in RTM processes based on preform compaction resistance,                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

permeability, and resin injection pressure 

− Investigation of the effectiveness of over compacted flow channels to allow for 

preferential filling at higher resin injection pressures 

 Non-destructive Testing of Carbon Preforms: 

− Detailed investigation of the ability of reflective and transmissive thermography to 

identify a wider range of defects in preforms of increased thickness 
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RTM Mould Tool Dimensions 
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Preform Feature Schematics 
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Stack Type 1: Variations 
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Stack Type 2: Variations – Preforming Thickness 
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Stack Type 2: Variations – Folds  
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