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ABSTRACT 

Primary load-bearing composite structures such as aircraft wings, rotor blades and sailing masts 

require high laminate quality. This is commonly achieved by autoclave prepreg processing 

where, in addition to the vacuum pressure, high external pressures during the resin cure stage 

enhance consolidation. As a result, parts of simple geometry can be manufactured with relative 

ease having fibre volume fractions typically above 60%, with void content less than 1%. 

However, defects such as wrinkles and voids are typically found within more complex 

structures despite the high applied external consolidation pressure. 

This research investigates defect formation within the layup, debulking and consolidation 

stages of prepreg processing, and is focused on female moulded corners with high laminate 

thickness to corner radius ratios. Experimental studies were carried out to investigate the effect 

of humidity exposure to uncured prepreg on defect formation during the steps of autoclave 

processing. It is hypothesized that moisture uptake influences uncured prepreg characteristics 

that affect laminate consolidation behaviour, and therefore achieved quality following 

consolidation. A detailed prepreg characterisation program establishing the influence of relative 

humidity was conducted. In addition, the effects of changing prepreg characteristics due to 

relative humidity, laminate thickness to corner radius ratios, and laminate stacking sequences 

on the pressure distribution in sharp corner areas was investigated using the Tekscan pressure 

mapping system. Lastly a novel numerical consolidation model for toughened prepreg systems 

in complex geometries was implemented and applied to several parametric studies. 

It is concluded that defects already occur during the layup and debulking process, which then 

affect defect evolution in the subsequent autoclave curing process. It is also shown that 

humidity affects the uncured prepreg characteristics and thereby the pressure distribution and 

defect formation in corner areas. The results obtained from numerical simulation show similar 

trends compared to experimental values, and a strong dependency of the applied vacuum 

pressure on the corner pressure distribution. 
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Introduction 
 

 

1.1 Composite Materials 

A composite material can be defined as a hybrid material that consists of two or more 

constituents insoluble in one another. Merging constituents with different chemical, physical 

and mechanical properties together, allows design of an engineering material with specific 

properties different to that of its individual components [1,2]. Due to their specific 

characteristics of high strength-to-weight and stiffness-to-weight ratios, chemical resistance 

and the ability to form complex geometries, composite materials are increasingly being used 

within the aerospace, automotive, marine, energy, and construction industries. 

Common composite materials are fibre reinforced polymer (FRP) where fibres, acting as the 

reinforcing phase, providing stiffness and strength, are embedded in a rigid polymer matrix. 

The matrix distributes the load between the fibres, stabilizes the fibre under compression as 

well as maintaining the geometry and alignment of the fibres. The fibrous material can be made 

out of a wide range of materials such as aramid, glass or carbon and are available as either 

discontinuous or continuous fibres. Whereas discontinuous fibres usually have random 

orientations within the composite (chopped or mat), continuous fibres have a preferred 

orientation and provide the highest mechanical performance. Conventional continuous fibre 

reinforcements include unidirectional tapes, woven or stitched fabrics, or rovings [1,3]. 
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In FRP materials the polymer matrices can be grouped into thermoplastics and thermosets. 

Whereas thermoplastics can be melted and reshaped several times at high enough temperatures, 

thermoset resins undergo an irreversible cross-linking process of polymer chains that cannot 

be reprocessed on reheating. Thermoset resins, including epoxy, vinylester and polyester, come 

in a variety of grades and formulations, tailored for specific manufacturing processes and 

applications. Despite the higher costs, these resin types are mostly used within high-

performance applications due to their higher stiffness and strength when compared to 

thermoplastics [2]. 

In contrast to metallic isotropic materials, continuous-fibre composite laminates can be 

manufactured with orthotropic properties by stacking single sheets of fibre layers in different 

orientations and quantities for optimised load transmission within structures. Depending on the 

part quality, production volume, part size, mechanical properties and costs, a variety of FRP 

manufacturing processes are available to choose from. All manufacturing processes aim to fully 

impregnate the fibres with the matrix material achieving the highest, homogenous fibre volume 

fraction possible. Due to their high specific strength and stiffness carbon fibre reinforced 

plastics (CFRP) are increasingly used for aerospace components, in the wind energy sector as 

well as for marine applications such as sailing yacht masts, beams and riggings. Figure 1-1 and 

Figure 1-2 present applications of high-performance CFRP components [2]. 

 
Figure 1-1: Airbus A350-XWB [4]. 
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Figure 1-2: Left “My Song” sailing superyacht with CFRP mast (height: 56 meters) [5]. Right: 
Superyacht “Firefly” CFRP mast and rigging [6] 

1.2 Resin Pre-Impregnated Fibres 

During the production of composite materials, several variables have to be controlled in order 

to achieve the highest possible final part quality. For instance, a variation in the amount of 

resin, volatiles or an inhomogeneous resin distribution, can lead to a locally low fibre volume 

fraction or even voids within the laminate, that decrease the mechanical properties of the cured 

part. Decreasing the variability in the composite constituents is one of the key factors to 

increase the quality and performance of the final composite material. Therefore, a more viable, 

so-called “prepreg” material was developed [1]. A schematic or a prepreg material is shown in 

Figure 1-3. 

 

Uncured prepreg 

 

Cured prepreg 

Figure 1-3: Schematic of prepreg microstructure before and after cure 

Prepreg materials are pre-catalysed resin pre-impregnated fibres. The applied resin has a 

relatively high viscosity, and resin cure is initiated by heating up the resin to its optimal 

activation temperature. Prepregs are produced either by a solvent impregnation or hot melting 

Resin Porosity Fibre
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process. In the solvent impregnation method, dry fibres get pulled through a resin bath followed 

by a resin compaction process to even out the amount of resin. The resin bath is mixed with a 

solvent, typically acetone or methylene chloride, to reduce the viscosity of the resin, which 

leads to a better impregnation of the fibre bed. In the subsequent drying oven, the solvents are 

released and the resin is partially cured to its ‘b-stage’. In the hot-melt impregnation process, 

the dry fibres run through silicon release papers that are coated with a resin film. The fibre 

wetting is achieved by two heated compaction rollers that push the fibres into the viscous resin. 

In the final step of both processes, the impregnated fibres are covered with a protection film 

and coiled on large roles for storage and delivery. At ambient temperatures, the prepreg resin 

already undergoes a slow cross-linking polymerisation reaction that degrades the mechanical 

properties over time. The time the material can be stored at room temperature without 

significant loss in mechanical properties and handling characteristics is called “out-time” and 

typically lies between two to four weeks. Keeping the material in freezers, typically at -18°C 

will increase the storage time or the so-called “shelve life” significantly up to a period of one 

year [1]. Since the described prepreg manufacturing processes can monitor important prepreg 

properties such as resin content and distribution, resin flow, additives, gel time, tack, shelf and 

out-time precisely, prepregs can be produced with high consistency. In turn, high-quality 

composite materials with high fibre volume fraction up to 70%, with void content less than 1%, 

can be produced. 

Prepreg materials are available in a variety of textiles/reinforcement forms and fibre/matrix 

material combinations. For high-performance applications, unidirectional (UD) tapes in 

combination with continuous carbon fibres are commonly used. If drapeability is an important 

aspect of the design, woven prepregs are usually preferred. However, due to fibre crimp, the 

structural properties of woven prepregs are reduced as compared to UD prepregs. A UD 

prepreg laminate can be build up in a hand-layup process by stacking individual plies on top 

of each other. For mass-produced large-scale manufacturing, UD tapes and rovings are 

normally laid up using automated layup processes such as filament winding and automated 

tape laying (ATP) [1,7]. 

The most common prepreg matrix material is epoxy [7]. The combination of strength, fibre 

adhesion, high-temperature tolerance and processing versatility make prepreg materials 

perfectly suitable for high-performance load-bearing structures. A disadvantage of epoxy 

resins is their brittleness, due to their highly crosslinked polymer structure. To overcome this 

issue, toughened epoxy resins have been developed by modifying the molecular and network 
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structure, with the aim to increase the toughness by lowering the amount of cross-linking 

density. To prevent interlaminar crack propagation, epoxies can also be toughened with a 

second-phase elastomer. Small elastomer particles, within the range of 0.1–5 μm, can be added 

to the resin, which hinder crack growth and hence increase the fracture toughness and impact 

strength.  

After the layup process, a prepreg laminate is typically consolidated in an oven (Out-of-

Autoclave OOA) at temperatures between 100°C to 180°C degrees, depending on the resin 

type used. Alternatively, they can be consolidated within an autoclave, with additional external 

applied pressure to further increase the fibre volume fraction (FVF). Current prepreg 

developments are focused on reducing the curing temperature, since processing temperature is 

a major cost contributor in prepreg manufacturing. Furthermore, a new generation of 

“breathable” prepreg has been developed with partially resin impregnated microstructures, 

creating evacuation channels (EVaC’s) that allows gas migration towards the laminate 

boundaries [8]. Air removal during the layup process is very important in order to achieve low 

porosity in the cured part. During the curing step the resin will infiltrate these dry channels and 

close the remaining voids. A disadvantage of these new prepreg systems is the higher 

compactability (bulk factor) during consolidation. Especially in contoured parts, a higher bulk 

factor of the laminate can result in wrinkling and fibre bridging. In addition, specifically 

designed out-of-autoclave (OOA) prepregs make use of addition-cured thermoset resins, that 

do not produce off-gassing while curing, which reduces void formation even further [3].  

1.3 Autoclave and Out-Of-Autoclave Processing 

Despite the associated high production costs, autoclave prepreg processing is still a suitable 

choice for the production of high quality, high-performance structural composites. Figure 1-4 

highlights the key steps in the autoclave and OOA prepreg processing of UD carbon fibre 

reinforced plastics (CFRP). 
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Figure 1-4: Autoclave and OOA processing steps 

Since the prepreg material is usually stored in a freezer before it can be processed, the material 

needs to be defrosted while still sealed in its packaging to avoid condensation of humidity on 

the prepreg surface. The moisture on the surface can diffuse into the resin matrix that can lead 

to voids and porosity in the cured part. After defrosting, the prepreg layers can be cut in shape 

manually using roller knives, scissors or cutter knives. Automated cutting machines are used 

in industry to improve cutting speeds and utilization. Built-in nesting software automatically 

arranges the part shapes to minimize waste and improve cutting speeds. The trimmed prepreg 

layers can then be laid up on some kind of mould that finalises the part geometry in the 

predetermined fibre orientation. For low volume, complex one-off geometries, the layup is 

usually done by hand and is considered highly skilled labour. 

During the layup steps, a defined stack of prepreg plies is consolidated at room temperature 

and vacuum pressure under a flexible vacuum bag, to promote adhesion between the plies, to 

get rid of entrapped air between the plies and to form the plies properly to the mould geometry. 

This so-called “debulking” process is commonly completed after every third ply but depends 

on the desired part quality and tolerated production times. With a common debulking time of 

around 15 to 30 minutes per debulking step used in industry, the layup process occupies a 



 

7 
 

significant period of time and is extremely labour intensive, especially for thick laminates of 

more than 50 plies. A typical debulking setup of a U-shaped prepreg laminate is presented in 

Figure 1-5. 

 
Figure 1-5: Typical debulking setup 

After the debulking steps, dams made of cork or silicon rubber can be placed around the 

laminate to prevent the resin from escaping the laminate (bleeding) during the curing step, 

when the resin viscosity reduces. The whole laminate is then contained in a flexible heat 

resistant vacuum bag and consolidated at elevated temperatures, either in an oven, or in an 

autoclave under additional external applied pressures. Before the oven temperature ramps up, 

an additional vacuum hold period, prior to curing is recommended to increase the part quality 

further. Depending on manufacturers recommendations or manufacturing trials, pre-cure 

vacuum hold periods can take up to an hour. Figure 1-6 illustrates the different phases within 

a typical autoclave curing cycle used for CFRP laminates. After the pre-cure vacuum hold the 

autoclave pressure is applied. Depending on the part design and quality needed, additional 

autoclave pressures can reach from 100 kPa up to 800 kPa for high-quality structural 

components. With the increase in temperature, the resin viscosity decreases sharply to its 

minimum. The first isothermal hold facilitates the resin to flow through the fibre network 

(percolation) and wet the fibres, closing voids within the laminate. Furthermore, the isothermal 

hold equalizes the temperature within the autoclave and reduces the temperature gradient 

across the laminate thickness. The second phase involves a second heat ramp, during which the 

resin polymerisation begins. During the crosslinking process, the resin viscosity increases 

again, to a point the resin transitions to a soft solid and resin flow is reduced, which is called 

gelation. Another isothermal hold is applied in phase 3 to increase further the degree of cure, 

providing high glass transition temperatures (Tg) and mechanical properties. 
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Figure 1-6: Typical autoclave cure cycle for prepreg CFRP laminates used within this study 

Due to the high additional external pressure employed within an autoclave, high laminate 

densification can be achieved, resulting in high FVF with small amounts of voids and porosity. 

However, due to the high acquisition and operation costs of an autoclave, industry and 

academia are working on an alternative production process called out-of-autoclave process 

(OOA) or vacuum-bag-only process (VBO), where no additional pressures are applied, but 

reasonably high-quality parts can be produced. Centea et al. [8] have completed a 

comprehensive review on VBO processing and their cost and environmental performance, as 

compared to autoclave processing. They demonstrate that parts with simple geometries 

produced with VBO can, in ideal conditions, achieve similar laminate qualities when compared 

to autoclave manufactured laminates. However, autoclave processing is more robust since the 

applied pressure can compensate for possible induced laminate imperfections generated in the 

layup step, or material variations such as resin distribution, volatiles and absorbed moisture. 

1.4 Variables and Defects in CFRP 

A defect in a composite material can be described as a local material or structural variation that 

differs from the ideal and uniform composite structure. They can be categorised into three main 

groups: Fibre, matrix and the interface. Common fibre defects are misalignments, waviness or 

wrinkling as well as irregular distribution or broken fibres. Matrix defects are mainly voids and 
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porosity, inclusions or degradation and insufficiently cured resin. Delamination and 

insufficient fibre surface bonding account for interface defects [10]. 

Defects can be generated at any point within the manufacturing chain, beginning with the 

design decisions of the part through to end of useful product life. The main contributors in the 

formation of defects are variabilities in the material and processing conditions. An extensive 

review on the sources of variabilities and defects has been completed by Potter [11,12]. More 

than 60 sources of variabilities and 130 defects have been identified and categorised into a 

taxonomical system to identify the source of defects, and to generate more robust 

manufacturing processes. An overview of critical variabilities and defects with respect to the 

autoclave and OOA process is given in Figure 1-7 [11]. 

 

Figure 1-7: Overall taxonomy of defect types in autoclave and OOA processing adapted from Potter [11] 
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Where some defects may only have a cosmetic effect, defects such as voids, fibre misalignment 

and resin accumulation can significantly reduce the structural performance of a cured part. 

Such structural deviations and inhomogeneities within the material affect the mechanical 

properties and hence the lifetime of the composite structure. Soutis et al. [13] states that in 

CFRP laminates, a void content of 4 % by volume reduces the tensile strength by up to 36 %, 

and wrinkling with severity of 10º decreases the compressive strength by up to 30 %. Therefore, 

the safety design factors must be increased, which in turn results in parts that are heavier than 

needed and leads to higher manufacturing costs. 

While research shows that flat part geometries can be produced almost defect free, defects such 

as out of plane wrinkling, corner thickening and voids are more commonly generated in 

complex part geometries, despite the surrounding high autoclave consolidation pressure. In a 

statistical analysis on autoclave moulding conducted by Wang et al. [14], U-shape and I-shape 

laminates were found to have a more significant impact on structural integrity than any other 

shape. It was also stipulated that thickness of a laminate and the radius of curvature of a corner 

are two key parameters that influence defect formation. 

Environmental influences such as temperature and relative humidity during autoclave 

processing are important factors that need to be considered with regard to defect formation. As 

prepreg materials are exposed to the atmosphere prior to the autoclave consolidation process, 

the material will absorb moisture from the surrounding air, driven by the diffusion process. The 

water molecules will diffuse into the free volume within the resin and may also attach to the 

uncured epoxy molecular chain, which will lead to plasticisation and changes to resin 

properties. Moreover, if the resin pressure during curing is not sufficient enough to prevent the 

dissolved moisture within the prepreg from evaporating, void growth may occur [15]. The 

moisture content is thereby controlled by the diffusion coefficient of the material, which in turn 

is affected by environmental conditions such as ambient temperature and relative humidity. 

1.5 Motivation 

A variety of complex process phenomena are associated with the autoclave and OOA 

processing of prepreg, which are influenced by material and process parameters. A 

considerable amount of work has been conducted on understanding each process phenomena 

and their interactions on defect formations, such as laminate consolidation and resin cure. Some 

research has been completed on the effect of absorbed moisture on void formation during the 

curing process, as well as the effect of voids and wrinkling on the mechanical properties of 
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cured parts. Other studies have analysed the diffusion of water molecules in cured laminates 

and their effect on mechanical properties. Furthermore, the wrinkling phenomena has been 

studied widely, but was mainly focused during research on forming processes with large 

deformation rates. Only a few studies have been conducted on the wrinkling phenomena during 

autoclave or OOA processing. Although various material characteristics and process 

phenomena have been identified that influence the final part quality, there remains a lack of 

knowledge on how environmental conditions during the layup and debulking steps influences 

the uncured prepreg characteristics and the associated defect formation within each autoclave 

or OOA processing step. 

This research presented in this thesis seeks to improve understanding of the influences of 

temperature and relative humidity on uncured prepreg material characteristics and their impact 

on defect formation in concave corners within autoclave and OOA processing. This project is 

focused on corner regions with high corner radius to laminate thickness ratios, as are typically 

present in the aft section of a carbon fibre yacht mast, as illustrated in Figure 1-8. With a deeper 

understanding of the contribution of each manufacturing step on final defect content, including 

the layup, debulking and consolidation steps, guidelines can be provided to increase the 

robustness of the production process and eliminate critical defects whereby the manufacturing 

costs can be reduced. 

 
Figure 1-8: Carbon fibre sailing mast section showing sharp corner areas in the aft section 
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Environmental records from our industrial partner have shown a variation of the relative 

humidity in the production hall from a minimum of 40% to a maximum of 90% at a controlled 

ambient temperature of 21°C. Therefore, this project will be focused on defect formation 

(including wrinkles and voids), with particular attention to these environmental conditions.  

The derived research questions are stated as follows:  

How do environmental parameters such as temperature and relative humidity affect defect 

formation mechanisms within complex part geometries? 

How do defects develop through the stages of autoclave processing, including the layup, 

debulking and consolidation stages? 

What predictive methods (numerical, analytical) can be developed to predict defect 

formation, and improve upon current process design methodologies? 

 How does the moisture absorbed during the layup process affect the mechanical properties 

of a cured void free part? 

1.6 Objectives 

To address the previously defined research questions, this project will be focussed on the 

following three main objectives. 

1.6.1 Material characterisation of the applied prepreg system (T700S/R4545-S) 

The material investigated is a toughened epoxy prepreg system (T700S Toray/R4545-S 

Hankook) with a fibre volume fraction of 60% in the as-delivered prepreg. First, the effect of 

temperature and relative humidity on the uncured prepreg material characteristics is 

investigated. Based on the literature review the identified parameters that may influence defect 

formation are listed below: 

 Resin viscosity 

 Prepreg tack 

 Prepreg interply friction and tool/ply friction 

 Prepreg bending stiffness 

 Laminate consolidation behaviour 

 Glass transition temperature and degree of cure 
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In addition, mechanical tests will be conducted to determine the effect of moisture absorbed 

prior to the consolidation stage, on resin dominated mechanical properties such as interlaminar 

shear stress (ILSS) and combined load compression tests (CLC), from defect free laminates. 

1.6.2 Understanding the contribution of autoclave processing steps on evolving 

defects 

It is expected that defects may already form during the layup step due to handling mistakes or 

poor forming of the material because of mechanical constraints. Air voids, wrinkling or ply 

bridging may be induced in the prepreg layup prior to the debulking step. If the vacuum 

pressure within the debulking step is not sufficient enough to evacuate entrapped air between 

the layers and form the prepreg layers perfectly to the mould geometry, these entrapped air 

voids might act as nucleation sites for vapour voids during the subsequent consolidation 

process. To gain a deeper understanding of the evolution of defects, the sources of defects must 

be evaluated from the material constituents to each manufacturing step. Hence, compaction 

pressure distributions within sharp corners, as generated during the debulking step, need to be 

investigated through experimental studies with controlled temperature and relative humidity. 

A novel method to measure the pressure distribution in corners is proposed, utilizing an I-Scan® 

Tekscan, thin and flexible, pressure mapping sensor. 

Furthermore, generated void content and wrinkling severity will be evaluated after the 

debulking and autoclave consolidation steps, using microscopy image analysis of parts 

produced at controlled environmental conditions. To investigate the effect of part complexity 

on defect formation, the defect content of flat and corner samples will be compared. 

1.6.3 Development of a numerical model to predict wrinkling and pressure 

distributions in corners during autoclave processing 

A numerical model will be developed to enhance understanding of the influence of material 

and process parameters on defect formation in corners, as well as to support process designs 

methodologies. Considering the effects of temperature and relative humidity on the predefined 

material characteristics, a numerical wrinkling simulation model will be created using the finite 

element software ABAQUS/Standard. A novel hyper-viscoelastic consolidation method for 

toughened prepreg systems will be used to describe the prepreg consolidation behaviour. 

Therefore, a User Material Code (UMAT) for the prepreg T700S/R4545-S will be used, and 
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later implemented as a subroutine for defect simulation in ABAQUS/Standard. More details 

about the modelling approach are provided by Belnoue [16]. 

1.7 Structure of Thesis 

The outline of this thesis is as follows: 

Chapter 2 presents a brief overview of the relevant literature to date, covering the currently 

identified critical process and material parameters that influence defect formation in OOA and 

autoclave processing. Furthermore, the current knowledge gaps were determined. 

Chapter 3 introduces the details of the prepreg material and consumables used within this 

research project. 

Chapter 4 presents a series of experiments concerning the moisture absorption and desorption 

characteristics of the applied uncured prepreg material. The moisture diffusion coefficient and 

the time it takes for the uncured prepreg material to reach its saturated state were determined. 

The effect of the debulking process on the moisture desorption could then be investigated in 

order to determine the remaining moisture content prior to the curing process, which eventually 

enhances the risk of defect formation. 

Chapter 5 presents a series of experiments concerning the influence of moisture absorbed 

during the layup step on defect evolution within the debulking and subsequent autoclave 

consolidation process. Thus, the defect content after the debulking and after the autoclave 

consolidation was evaluated, using microscopy image analysis. In addition, the effect of part 

complexity on defect formation was investigated by comparing the defect content of flat and 

corner samples. Additional experiments are conducted to investigate the effect of absorbed 

moisture prior to the curing process on mechanical properties of a defect free, and autoclave 

cured, prepreg laminate. Resin dominated mechanical properties such as interlaminar shear 

stress and combined load compression were carried out following ASTM standards. 

Furthermore, the effect on the glass transition temperature of the cured laminate was evaluated. 

Chapter 6 presents a comprehensive series of experiments assessing the effects of absorbed 

moisture on crucial uncured prepreg material characteristics, that have the potential to affect 

layup and consolidation quality during the debulking and autoclave process. The investigated 

prepreg characteristics were resin viscosity, prepreg tack, ply bending stiffness, interply 

friction, compaction behaviour and resin glass transition temperature and degree of cure. 
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Chapter 7 presents a novel compaction pressure measurement method to determine the effects 

of process and material parameters on the pressure distribution in concave corners during the 

debulking process using the Tekscan I-Scan® pressure measurement system. Studies 

undertaken included assessing the impact of the laminate thickness to corner radius ratio, the 

prepreg laminate stacking sequence, as well as the effects of relative humidity on the pressure 

distribution in concave corners. 

Chapter 8 presents the development of a numerical model to support parametric studies, 

considering the effects of temperature and relative humidity on the predefined material 

characteristics on defect formation in corners as well as support process designs methodologies. 

A novel hyper-viscoelastic consolidation method for toughened prepreg systems, developed by 

Belnoue [16], was used to describe the complex prepreg consolidation behaviour within the 

finite element software Abaqus/Standard. This chapter discusses the modelling approach and 

the results obtained from initial parametric studies. 

A conclusion is made in Chapter 9 presenting the original contribution of this work and 

recommendations for the direction of future work. 
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Literature Review 
 

 

The subject of defect formation in composite structures is wide ranging and an extensive 

amount of research has been conducted within this field. However, despite the knowledge 

gained over the past decades, defects are still generated during the manufacture of composite 

structures. This chapter presents a brief review of the relevant literature to this topic in order to 

provide an understanding of the current knowledge regards defect formation, and to identify 

critical parameters that have yet not been fully understood or thoroughly investigated. 

2.1 Defect Formation in Autoclave and OOA Prepreg Processing 

2.1.1 Porosity and Voids 

The most common defect in composite laminates are voids and porosity [14,15]. Not only are 

they more frequently found compared to other defects such as debonding, resin-rich areas or 

deformation, they can also severely degrade the mechanical performance [17]. Thus, the void 

content within a composite laminate is commonly used as a description of the laminate quality. 

For load bearing structural components, a void content of 1 – 2% is typically considered 

acceptable [18]. 

In the literature, voids are defined as individual vacancies within the laminate, and porosity is 

the measure of the overall volumetric fraction of voids in the bulk material. A further distinction 

between voids can be made in terms of their size and location. Micro voids, shown in Figure 

2-1a, are on the scale of the fibre dimension, whereas macro voids, illustrated in Figure 2-1b, 
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are at least on the same scale as a ply thickness. In terms of their occurrence, macro voids can 

be distinguished between fibre tow and resin voids and interlaminar voids, as shown in Figure 

2-1. Another type of void is surface voids or surface porosity [19]. Since they have mainly an 

aesthetic effect, this review focuses on voids within the bulk porosity. 

a) 

 

b) 

 
Figure 2-1: Typical voids found within cured prepreg laminates 

Various factors contribute to the formation of voids including layup quality, vacuum pressure, 

ply orientation, laminate size and shape, cure pressure and temperature, resin viscosity, 

dissolved gases and environmental conditions [9,17].  

One of the main causes for voids is air entrapped physically between the plies emerging during 

the layup process, combined with insufficient vacuum pressures and air evacuation during the 

debulking process. Several researchers have investigated the air evacuation mechanisms during 

the debulking process and their effect on void evolution. Assuming a prepreg laminate after 

layup can be described as a media with constant porosity, the main mechanisms investigated 

to describe the gas transport are based on advection (Darcy’s law) and gas diffusion [18–23]. 

Presented results have demonstrated that the most effective gas flow occurs in an in-plane 

direction where the gas can flow through the interconnected fibre network (Engineered 

EVACs). For woven prepreg, the in-plane permeability is about three orders of magnitude 

higher than through-thickness permeability [19]. However, UD tapes show an overall lower in-

plane permeability and negligible through-thickness gas flow could be measured for UD tapes 

[18,22]. All measurements show a strong dependency between evacuation time and part length. 

By doubling the part length, it will take four times longer to remove 90% of the entrapped air. 

Arafath [18] studied the in-plane and through-thickness permeability for tapes and fabric 

prepregs. Experiments indicated that gas flow is strongly anisotropic and the direction of flow 

varies from ply to ply. Additionally, a one-dimensional gas evacuation model based on Darcy’s 
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law and ideal gas, considering the mass fraction of gas removed over time, was proposed. It 

states that it takes 5 minutes to remove 50% of trapped gas from a 1 m long laminate made of 

fabric but approximately 36 minutes to remove 90%. Consequently, the debulking time for a 4 

m long laminate will take over 7 days. 

Hickey [22] calculated the time needed to remove 95% of the air from woven and UD laminates 

(0,5 m length), using the model developed by Arafath [18], assuming in-plane and through-

thickness air removal within the woven laminate and only in-plane air removal for UD 

laminates. The results shown in Table 2-1 demonstrate clearly that an increase in layers 

drastically increases the air removal time. However, the applied model assumed a constant 

laminate thickness, porosity and permeability over time. In realistic debulking conditions, the 

permeability decreases over time due to the fibre bed compaction, which increases the air 

removal time even further.  

Table 2-1: Air removal times of cloth and unidirectional tape consisting of different numbers of layers 
[22] 

 Air Removal Time 

Layers Cloth Unidirectional Tape 

1 1.6 s 4.1 min 

2 11 s 13.2 min 

4 52 s 2.52 h 

8 4.6 min 13.48 h 

16 18.2 min 15.92 h 

Zhu et al. [24,25] found that the stacking sequence influences the void content. Results showed 

that depending on the stacking sequence, the size shape and distribution of voids changed. 

These findings correlate with the statement by Arafath [18] that the in-plane permeability 

depends on the ply orientation, where the in-plane permeability is highest in fibre direction as 

compared to the transverse direction which is an order of magnitude lower. 

Helmus et al. [26] studied the effect of the initial air entrapment during layup and various edge 

breathing configuration during processing on void formation. Single UD prepregs were placed 

onto a glass tool and the contact area was recorded with a two mega-pixel monochrome video 

camera during the consolidation process. Images taken from the contact evolution after 10 min, 

1 h and 10 h vacuum hold were processed using a MATLAB® code. Due to the uneven resin 

distribution and depending on the surface structure, the contact area evolves from small points 
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(e.g. resin mountain tops) to larger contact areas due to the compaction and squeezing flow of 

the high viscous resin. Presented results show that regardless of the edge breathing technique 

used an equilibrium was reached after 6 h with a final contact area of 70% to 90%. Non-contact 

areas seem to be still interconnected, serving as gas evacuation channels. After a 12 h vacuum 

hold the prepreg ply was heated to 93°C. Due to the associated reduction of resin viscosity, the 

initial contact area increased to 100%. However, a drop in contact area was measured when 

reaching 90°C. One possible explanation may be dissolved moisture that comes out of solution 

at higher temperatures creating voids, driven by the diffusion process. 

Moisture is another significant contributing factor in void evolution. Owing to the hygroscopic 

characteristic of epoxy resin, moisture can be absorbed by the resin during the manufacturing 

process, driven by diffusion processes. During the debulking step, the vapour pressure of the 

dissolved moisture within the resin is reduced. Based on Henry’s law, this allows the moisture 

to evaporate and diffuse into air voids. If the air voids are connected to the evacuation channels, 

the vaporised moisture is being removed from the part. However, at room temperature, the 

Clausius-Clapeyron relation predicts, the vapour pressure of moisture is below 2.3 kPa. In 

typical debulking processes for large scale components, it is challenging to achieve these low 

vacuum pressures. In addition, the moisture vapour flow is much lower than the dry gas flow, 

and the permeability decreases during debulking. As a result, the absorbed moisture will be 

kept in solution during the debulking process. 

Kay [21] investigated the effect of the debulking process on the moisture content in an OOA 

prepreg system. After saturating a flat, four ply laminate of 64 mm x 300 mm at 75% relative 

humidity, the laminate was placed under vacuum bags and debulked for various times. Results 

show that the moisture content could be lowered from an initial 0.30% to 0.04% within 24 

hours. A small gradient of moisture content between the vacuum port and the farthest point of 

the laminate existed, being lower at the breathing edge. In contrast, Wood and Bader [27] state 

that it is unlikely to remove any internally entrapped gases by applying vacuum, due to the fact 

that applied vacuum will decrease hydrostatic pressure and thereby increase the size of any gas 

pockets according to Boyle’s law. Having larger voids inside the fibre array will make it even 

more difficult to evacuate and dry the prepreg, and the movement of gases is only possible in 

conjunction with the resin flow during the curing step. 

The vapour pressure of water and the diffusion process are strongly temperature dependent 

[21]. Thus, the effect of moisture on vapour void formation has been mostly related to the 
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curing process, where higher temperatures drive the evaporation of the dissolved moisture. 

Void growth will most likely occur in the early stages of the curing process where the 

temperatures are ramped up and the resin viscosity is at its lowest point. If air voids are trapped 

and moisture diffuses into these air pockets, the internal void pressure, PV, increases 

exponentially with temperature and acts against the hydrostatic pressure PH, as illustrated in 

Figure 2-2. Moreover, the diffusion coefficient of moisture increases exponentially with 

temperature. If the hydrostatic pressure is high enough to keep the moisture in solution, no void 

growth will occur. However, as soon as the resin crosslinking process initiates and the resin 

starts to gel, voids will be locked [1,28,29]. 

 

Figure 2-2: Illustration of void growth I) Hydrostatic pressure exceeds vapour pressure PH > PR, void 
collapsed and filled with resin II) Hydrostatic pressure smaller than vapour pressure PH < PR, void 

growth occurs 

The hydrostatic pressure is a function of resin flow, compaction phenomena and the applied 

compaction pressure itself. There has been a considerable amount of work conducted in 

understanding the applied pressure on void growth [17,20,24,30–32]. All presented studies 

confirm that high applied consolidation pressures on flat laminates in the autoclave reduces 

void growth significantly, independent of the initial moisture content. Liu et al. [32] found an 

exponentially decreasing relationship between void content and pressure. It could also be 

observed that higher pressures lead to smaller void diameters, whereas lower pressures tend to 

develop bigger but therefore fewer voids. In contrast, during OOA processing, where only 

vacuum pressure is applied, an increase in porosity could be measured [20,21,33,34]. 

Kardos [15] developed an analytical model to predict void growth based on water diffusion 

from the surrounding resin, where d (mm) is the void diameter and β the growth driving force: 

𝑑 = 4𝛽√𝐷𝑇 (1) 

𝛽 =
𝐶 − 𝐶

𝜌
 (2) 
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In these equations, D (mm2/h) is the diffusion coefficient of water, T (h) is the time, Cbulk 

(g/mm3) the concentration of water in the bulk resin, Cvoid (g/mm3) the concentration of water 

at the surface of the void and ρg (g/mm3) the water vapour density. 

Furthermore, Kardos [15] derived an equation to predict the pressure p (atm) necessary to 

prevent the potential for pure water void growth by diffusion at a particular relative humidity 

and temperature during the curing cycle of a fully saturated epoxy resin prepreg: 

𝑝 ≥ 4.962 × 10 𝑒 × (𝑅𝐻 ) (3) 

where RH0 is the initial relative humidity exposure of the prepreg and T (K) the temperature 

during the curing cycle. 

Ledru et al. [29] improved the void growth model by coupling the diffusion based void growth 

with the effect of void surface tension, the change in resin viscosity and polymer crosslinking. 

The study suggests that diffusion-based models overestimate the void growth by 30%. In 

addition, parametric studies on void growth were carried out by changing the initial void 

diameter, the onset of pressure and the bulk resin saturation. It was found that the onset of 

applied pressure has the most significant effect on void reduction. The earlier the pressure is 

applied, the smaller is the increase in void size. Reducing the moisture concentration in the 

resin decreased the void growth even further. Only the initial void diameter did not seem to 

have any significant effect on void growth. However, all presented models overestimate the 

void diameter at some point within the cure cycle where the void diameter exceeds the laminate 

thickness. This might be due to the fact that the model assumes a constant moisture 

concentration within the bulk resin over time and void growth occurs in an infinite isotropic 

medium. Grunefelder and Nutt investigated the effect of ambient humidity during lay-up on 

void growth during OOA processing. They compared the void content in cured flat laminates 

that have been conditioned at 70%, 80% and 90% relative humidity at 35°C to the void diameter 

prediction model from Kardos. In order to be able to compare the results, they converted the 

void diameter to void volume fractions by modifying equation (1): 

𝑉𝑜𝑙% =
𝑉

𝑉
=

𝜋𝑑

6𝑉
=

𝜋 4𝛽(𝐷𝑡)

6𝑉
 (4) 

where 𝑉  represents the unit matrix volume and 𝑉  the void volume. 
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Their results show that the model predictions are consistent with the measured void fractions 

at different moisture contents. 

The effect of cure temperature on void formation has been studied by Koushyar [35] and Gu et 

al. [30] delivering contradicting results. Gu et al. [30] found that with higher curing 

temperatures voids tend to grow, and suggested reducing the cure temperature in order to 

reduce porosity. In contrast, Koushyar [35] found that curing temperature has almost no 

influence on void growth. One explanation for the different results may be the different resin 

systems used, or a variation in experimental conditions. However, the cure temperature cycle 

strongly affects the resin viscosity and therefore controls the resin flow and void transport. Liu 

et al. [32] found, that porosity can be reduced by applying pressure during an isothermal hold 

at which the resin viscosity is at its lowest point. 

2.1.2 Fibre Misalignment 

Fibre misalignment in CFRP laminates can be subdivided into out-of-plane deformation such 

as fibre wrinkling and buckling or in-plane fibre misalignments. Where in-plane fibre waviness 

can already occur within the production process of the prepreg material, as for instance due to 

the winding of fibres around a narrow diameter drum for storage, the formation of out-of-plane 

wrinkling can be attributed to the subsequent processing operations [36]. A ply wrinkle is 

typically characterised by its amplitude, length and slope, as illustrated in Figure 2-3. 

 

Figure 2-3: Illustration of an out-of-plane wrinkle characterisation and microscopy image of a corner 
cross-section showing severe ply wrinkling 

The interaction between the tool surface and the curing laminate has been shown to be one of 

the parameters driving the formation of wrinkling. The different coefficients of thermal 

expansion (CTE) of the tool and laminate induce shear interactions at the interface between the 

tool and part during the temperature ramp within the curing cycle [37,38]. The resulting 

interfacial stresses induce distortions that will be locked-in when the resin starts to gel. In 
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general, shear stresses are the main cause for the formation of wrinkling, which will be even 

more prominent with an increase in part geometry complexity, such as corners where the shear 

forces between the prepreg layers start to play a significant role [39]. The effect of shear forces 

on wrinkling in complex geometries will be further discussed in more detail in the following 

Section 2.1.5. Furthermore, wrinkling induced shear stresses can cause delamination and 

consequent failure under loading [10]. 

2.1.3 Effect of Defects on Mechanical Properties 

It has been well established in previous studies that voids cause a reduction in the mechanical 

properties of CFRP [8,17,32,40–45]. Various studies confirm that fibre-dominant mechanical 

properties such as tensile strength are less affected by porosity than matrix-dominated 

properties such as compression, in-plane shear and inter-laminar shear strength [41,43,44]. 

Chambers et al. [43] found that not only the void content, but also the distribution and size of 

voids affect the flexural strength for UD laminates. An increase in void content of 2% decreases 

the flexural strength by 12%. These values correspond with the results obtained by Liu et al. 

[32]. Ghiorse [44] found that the reduction in flexural strength in woven laminates is even 

higher, with a decrease in flexural strength of 20% for every 2% increase in void content. 

Many authors [32,42,46] investigated the influence of voids on the inter-laminar shear strength 

(ILSS), which is the most sensitive property to the presence of voids. A linear relation between 

an increased porosity and the decrease ILSS was found. Judd and Wright [45] found that a 1% 

increase in void content decreases the ILSS by 7%, up to a total void volume fraction of 4%. 

The results from Liu et al. [32] show a decreased ILSS of 9% for each 1% increase in void 

content and a decrease in tensile modulus by 2%.However, the rate at which the ILSS reduces 

will likely be dependent on the specific material system 

A reduction in compressive strength with increasing void content has also been found by 

Suarez [40]. Although every reported study has indicated decreasing strength for higher void 

content, it should be noted that measuring the effect of porosity on mechanical properties is a 

difficult task. This is because the location, distribution and size of voids will affect the results. 

Therefore, the same porosity level can result in a substantial discrepancy in mechanical 

properties between various studies, as for instance, shown in the study conducted by Howe and 

Goodwin et al. [47,48]. 
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A significant number of studies have been conducted on the effects of fibre misalignment on 

failure strength. Where tensile strength seems less affected by fibre misalignment, studies show 

a significant reduction in strength under both compression and interlaminar shear loads, as well 

as fatigue endurance and fracture toughness [49–53]. Hsiao et al. [51] stated that under axial 

compression, ILSS was more significant than other stress components and the failure was 

initiated by ILLS leading to delamination and ply buckling. 

A drop in compression strength by 40% relative to the baseline specimen was reported by 

Bloom et al. [50,51]. Mandell et al. [54] studied the influence of wrinkles on the compressive 

strength and ultimate strain, indicating that a reduction in strength of 50% is possible for 

laminates with moderate through-thickness waviness. This statement correlates with the results 

found in the work conducted by Potter et al. [36]. It was found that the strength under flexural 

testing reduced by 50% in compression and up to 70% in tension. Bloom et al. [50] found that 

fractures initiate in wrinkled regions and propagate along the path of misalignment, degrading 

mechanical properties.  

2.1.4 Defect Detection and Characterisation 

To assess part quality, several methods are available to characterise the defect content of cured 

CFRP laminates. They can broadly be divided into two groups, non-destructive testing (NDT) 

or destructive testing (DT). 

Common destructive methods to evaluate void content include optical microscopy as well as 

density measurements based on the Archimedes principle. The advantages of destructive 

testing methods, especially for optical microscopy, are that the images taken from specific 

locations of interest provide information about the void shape, size and distribution and tow 

geometry. Therefore, this method is mainly used to determine the porosity in CFRP laminates 

reliably. However, this method will only generate two-dimensional images of a small area 

within the laminate, and hence does not show the depth of non-spherical voids. Therefore, 

several cross-sections should be investigated in order to achieve the highest accuracy possible. 

Another disadvantage is the labour-intensive sample preparation including cutting, sample 

mounting, polishing and evaluation. NDT test methods include but are not limited to x-

radiography based techniques, ultrasound, acoustic emission and laminate and thickness-based 

methods. They are commonly used during manufacturing and maintenance as they do not 

destroy the part and it is a fast method for the detection of defects. However, compared to 

optical microscopy, these methods do not provide specific characteristics of voids and material 
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constituents. The same techniques used to characterise porosity can be utilised to characterise 

fibre misalignments/wrinkling in cured CFRP laminates. However, optical microscopy is 

preferred since the resolution of most NDT methods is insufficient for microstructural analysis 

[53]. X-ray micro-computed tomography (X-µCT) allows for stacking 2D grayscale images 

into a fully 3D scan, but it is a costly and time-consuming process. 

2.1.5 Defect Formation in Complex Geometries 

While previous research shows that additional applied pressure in the autoclave reduces defect 

content in simple shaped geometries, voids, wrinkling and resin accumulation are still being 

found in more complex geometries such as sharp corner areas. Another defect that occurs in 

angled laminates is distortion due to the resin cure shrinkage and anisotropic thermal 

expansion. The induced residual stresses within the laminate cause enclosed angles (spring -in 

effect) or warpage after the cure. Fernlund et al. [55] studied the distortion mechanisms in L-

shaped and U-shaped laminates and found that ply orientations of +-45° and 90° have little 

effect on spring-in, whereas a tool with high CTE and tool surface condition increases the 

spring-in effect. However, models have been developed to accurately predict the trends of 

distortion, so that adjustments can be made either in the part design or cure cycle to avoid 

laminate distortion [55,56]. 

A wide range of studies have investigated the mechanisms generating wrinkling within the 

draping process of woven cloths over complex tooling geometries, and have showed that the 

angle between warp and weft yarn is a crucial parameter affecting the onset of wrinkling [57–

61]. It has also been shown that the bending stiffness of a ply or laminate stack plays a 

significant role in wrinkling formation during forming [36,59,61–63]. However, the wrinkling 

phenomenon in UD prepreg laminates during autoclave and OOA processing has been studied 

comparatively little to date. Modelling of wrinkling is a difficult task due to the complex non-

linear and anisotropic interactions of plies within a laminate stack. Dodwell et al. [63] proposed 

a one-dimensional analytical model for wrinkling during the consolidation of an uncured 

laminate stack over a male corner, considering elastic buckling and consolidation. Although 

the model assumes that the laminate stack wrinkles as a whole and does not consider wrinkling 

of individual plies within the stack, it shows that a higher bending stiffness leads to a higher 

critical wrinkling wavelength. In addition, a decreasing laminate thickness to corner radius 

ratio increases the risk of wrinkles. 
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Several studies have investigated the effect of processing parameters including material 

characteristics, bagging configurations and laminate stacking sequences on defect formation in 

corners in cured laminates [64–66]. Li et al. [65] found that a quasi-isotropic laminate results 

in a more uniform thickness evolution than [90°]n laminates. In the work conducted by Hubert 

and Poursartip [64], the compaction and flow behaviour of complex laminates for various 

bagging and moulding conditions during autoclave consolidation was studied. In agreement 

with the results of Li et al. [65], they have shown a uniform cured laminate thickness in flat 

sections but resin accumulation, voids and wrinkles have been found in the corner region. 

Overall, corner thickening was observed within concave corners and corner thinning in convex 

corners. Compared to convex corners, more defects were found in concave corners and higher 

bleeding conditions increased the defect content even further. Hubert et al. explained the 

variation in corner thickness based on the different reaction forces prevalent at the tool surface 

and applied pressure on the laminate surface due to the difference in the surface area [64]. 

Various research studies claim that accumulation of defects, such as voids and wrinkling in 

corner areas, is due to the formation of low-pressure regions caused by geometric 

characteristics (corner radius, flange length and laminate thickness) and material properties 

(bulk factor, bending stiffness and interply friction coefficient) [67]. These factors generate a 

complex laminate compaction behaviour during the debulking process as well as a more 

complex resin percolation and shear flow behaviour during consolidation [14,33,55,65,67]. 

Brillant [68] developed an analytical model to predict the critical corner radius to laminate 

thickness ratio for OOA processing based on a free-body diagram of a convex and concave 

corner section. In this model the corner thickness variation is only dependent on the ratio 

between the initial laminate thickness to the final thickness after compaction (bulk factor) and 

the tool radius. The effect of interply friction, the fibre orientation and considering an elastic 

fibre bed compaction are neglected. Figure 2-4 illustrates the free-body diagram used to 

develop the model, where t is the final flange thickness, tc the corner thickness, St the tool 

surface and R the tool corner radius. The applied pressure P acts on the bag surface SP, and the 

tool reaction pressure Pavgtool acts on tool surface ST. 
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a) 

 

b) 

 

Figure 2-4: Free-body diagram of the corner section of a laminate over a) Concave b) Convex tool after 
compaction (Adapted from [68]) 

From the equilibrium of forces, two equations have been derived predicting the thickness 

variation in a concave (tcc) and convex (cv) corner, with c1 in Equation 7 being the bulk factor: 
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where 𝐴 = (𝑐 − 1) ∗ 1 + √2  (7) 

Levy et al. [67] proposed a semi-empirical analytical corner compaction model for predicting 

the thickness variation between the flanges and a corner in an L-shape laminate, considering 

geometrical and material properties. The model considers two cases where the compaction is 

either friction dominated or pressure dominated.  

a) 

 

b) 

 
Figure 2-5: Force equilibrium. a) no-slip between plies. b) slippage and conformation of plies occur 

(Adapted from [67]) 
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In case the interply friction is too high and the plies cannot slip relative to each other to conform 

to the adjacent plies and tool surface, the relative thickness deviation K after compaction is 

only dependent on the bulk factor β. 

𝐾(𝛽) =
2 −

𝜋
2

𝛽

2 −
𝜋
2

= 1 +
1 − 𝛽

4
𝜋

− 1
 (8) 

∆𝑡

𝑡
= (1 − 𝐾) √2 − 1  (9) 

If ply slippage occurs and all plies conform to the adjacent surfaces, the corner thickness 

deviation Δt/tf is dependent on the bulk factor β, and the thickness to corner radius ratio tf/Rm: 

∆𝑡

𝑡
= 𝛽 − 1

𝑡

𝑅
 (10) 

However, these two scenarios represent the extreme cases, and ply conformation is strongly 

depended on the interply friction. In order to determine if the compaction is friction or pressure 

dominant, an empirical rule of mixture was then proposed where g(ΛN) is a step function of 

ΛN=Rm/(µLm) and µ the friction coefficient: 

∆𝑡

𝑡
= 𝑔(Λ ) ∗ (𝛽 − 1)

𝑡

𝑅
+ 1 − 𝑔(Λ ) ∗ (1 − 𝐾) √2 − 1  (12) 

These models indicate that depending on ply slippage, the compaction pressure in corners will 

be reduced. A decrease in compaction pressure might, therefore, result in a significant decrease 

in resin pressure which is additionally affected by the resin bleeding characteristic and 

percolation flow of the prepreg system during the curing process [69] and in turn, leads to the 

formation of voids and wrinkling. 

Some studies have investigated methods to increase the compaction pressure in corners, such 

as forming vacuum bag pleats alongside the corner to counteract vacuum bag bridging or 

implementation of pressure intensifiers/caul sheets. A reduction in corner thinning or 

thickening was observed using pressure intensifiers [33]. However, the usage of pressure 

intensifiers will further increase manufacturing cost and is not suitable for parts with varying 

corner radii or additionally integrated features.  
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2.2 Governing Physical Mechanisms 

Within the autoclave and OOA manufacturing process, many complex phenomena occur. An 

understanding of these phenomena is necessary in order to understand how they influence the 

formation of defects and the final laminate mechanical performance. A brief description of the 

most influential phenomena on the formation of voids and wrinkling is giving in the following 

sections. 

2.2.1 Air Flow and Permeability 

The ability to remove entrapped air in a prepreg laminate is crucial with regards porosity and 

void formation. The in-plane airflow through an uncured prepreg laminate during debulking is 

commonly modelled by Darcy’s Law, assuming the continuous interconnected flow channels 

in a prepreg laminate are straight capillary tubes, and laminar airflow is prevalent [22,70,71]: 

𝑣 = −
𝐾

𝜇

𝑑𝑃

𝑑𝑥
 (13) 

where v is the superficial gas velocity, K (m2) is the gas permeability of the fibre bed, P (Pa) 

the gas pressure, µ (Pa.s) the gas dynamic viscosity and x (m) is the spatial parameter in this 

one-dimensional formulation. 

Since Darcy’s Law is only applicable for laminar flow, the validity of this model can be 

assessed by determining the permeability related Reynolds number in a porous medium:  

𝑅𝑒 =
𝜌𝑣√𝐾

𝜇
 (14) 

where ρ (kg/m3) is the gas density, v (m/s) the gas velocity. The laminar flow regime occurs 

within the range 1-10, beyond these borders, the flow regime will change to non-laminar 

turbulent flow. 

Characterisation of the permeability of a prepreg laminate is typically completed by measuring 

the resistance to advective flow either with the non-steady-state or pressure decay method for 

low permeability materials. Alternatively, a steady-state method is commonly applied where a 

steady gas flow (Q) is produced by applying a constant pressure gradient across the sample at 

a constant temperature. The permeability, can then be determined by using a one-dimensional 

flow equation derived from Darcy´s Law, assuming a compressible ideal gas: 



 

30 
 

𝐾 =
2𝜇𝐿𝑄

𝐴

𝑃

𝑃 − 𝑃
 (15) 

where L the sample length, A the cross-sectional area of the sample and P1 and P0 the inlet and 

outlet pressure respectively. 

However, these models assume a constant porosity over time, and may not represent realistic 

behaviour during the debulking process where the compaction pressure reduces the porosity 

over time. In addition, effects such as inertia and gas slippage will lead to non-linear flow and 

are therefore ignored. Nonetheless, Darcy’s law is still used to evaluate the air permeability of 

prepreg systems [18,22]. One model to estimate the evacuation time of air from a laminate 

using the Dacian flow model was developed by Arafath [18]. The model also accounts for air 

compressibility effects and can be used to predict the in-plane and through-thickness airflow. 

2.2.2 Consolidation Flow 

During the process of consolidation of a prepreg laminate, the applied static pressure induces 

resin percolation flow, which wets the remaining dry fibres and fills potential voids, leading to 

an increase in the FVF. The applied pressure papplied is thereby carried by the fibre bed pressure 

pfibre and the resin pressure presin. The proportion of the total applied pressure depends on the 

percolation and bleeding flow of the resin [72]. 

𝑝 = 𝑝 + 𝑝  (16) 

A well-established analogy to describe the consolidation flow is the spring piston arrangement 

illustrated in Figure 2-6 [73]. 

 

Figure 2-6: Schematic of spring piston consolidation flow analogy [22] 

In the first stage, the applied pressure is carried by the resin alone and the hydrostatic pressure, 

therefore, equals the applied pressure. As the resin starts to be expelled from the laminate (e.g. 
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resin bleed) the proportion of the hydrostatic pressure decreases since part of the applied 

pressure is now carried by the reinforcement, represented by the spring, leading to a decrease 

in laminate thickness. During compaction, the proportion of the fibre bed stress increases until 

finally, the applied pressure is borne entirely by the reinforcement and no further resin bleeds 

out of the laminate. The fibre bed permeability and resin viscosity significantly affect the 

bleeding flow which in turn is dependent on the cure cycle. The amount of bleeding depends 

on the prepreg system, and if bleeder cloth is used to remove the excess resin or large gaps 

between the dams and laminate. However, in terms of void growth due to moisture absorbed 

in resin, the amount of bleeding should be minimized, since the resin pressure needs to be high 

enough to keep the absorbed moisture in solution and prevent void growth.  

Xin et al. [72]  measured the resin and fibre bed compaction pressure within a flat laminate 

during the autoclave curing cycle. The results conform to the spring-piston model, showing 

that with an increase in FVF the resin pressure drops. Gu et al. [74] investigated the effect of 

bleeding conditions on the resin pressure in tapered laminates. A significant difference was 

found between non-bleeding and bleeding conditions. Under zero bleeding, the applied 

pressure was evenly distributed throughout the whole autoclave curing cycle, whereas bleeding 

conditions showed a resin pressure gradient in through-thickness and in-plane directions.  

Considerable research has been conducted to model the consolidation flow phenomenon during 

prepreg manufacturing processes [75–78]. A common way to model laminate consolidation of 

thermoset matrix composites is to couple the resin percolation flow with the fibre bed 

compaction behaviour. The percolation flow is again characterized by Darcy’s Law 

considering a viscous flow through a porous media. Hubert et al. [78] developed a two-

dimensional numerical flow and compaction model for complex-shaped composite materials, 

assuming a linear elastic shear response and a non-linear elastic material behaviour 

perpendicular to the fibre orientation. A parametric study confirmed that the rate of laminate 

compaction depends on resin viscosity and fibre bed permeability, but the final laminate 

thickness was only dependent on the laminate shear modulus. Dave et al. [76] proposed a three-

dimensional resin flow model considering the resin flow in horizontal and vertical directions 

within a flat laminate. The results indicated a non-linear resin pressure gradient in the 

horizontal and vertical directions. Furthermore, a non-linear, rapidly stiffening fibre bed 

behaviour leads to rapidly decreasing resin pressure, as compared to linear fibre bed 

compaction behaviour. Unlike in the previous model, Loos and Springer [75] decoupled the 

horizontal and vertical flow of the resin. Although their model predicts a different resin 
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pressure gradient for the in-plane and through-thickness flow at the same point in the laminate, 

it again shows the dependency between the autoclave cure cycle and the resulting resin pressure 

gradients. 

2.2.3 Moisture Diffusion and Sorption 

Diffusion describes the molecular movement of chemical species in a bulk material, driven by 

a concentration gradient. The extent of diffusion depends on the undirected random motion of 

the molecules, called Brownian motion, and the concentration gradient. The absorption of 

moisture in the free volume of epoxy resins is commonly described by Fick’s first law of 

diffusion [27,79]: 

𝐽 = −𝐷
𝑑𝑐

𝑑𝑥
 (17) 

where J (kg/m2s) is the diffusion mass flux, D (m2/s) the diffusion coefficient and C (kg/m3) 

the concentration. 

Several researchers argued that Fick’s law is not accurate enough to describe moisture diffusion 

[80–83]. They suggest that the diffusion of moisture should be divided into a mobile and 

molecular bonding mechanism and should, therefore, include the formation of cavities and 

degradation of the epoxide material. However, studies have shown that in the non-Fickian 

models the additional mentioned parameters only affect the accuracy close to the equilibrium 

of moisture uptake, after the free volume has been filled up and thus, can be neglected [83]. 

The water concentration as a function of time (t) and displacement (x) can be described by 

Fick’s diffusion model: 

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕 𝐶

𝜕𝑥
 (18) 

Shen and Springer [84] developed an analytical model to obtain the diffusion coefficient by 

measuring the weight gain over time of a material exposed to a constant relative humidity level 

and temperature. From the initial slope of the weight gain measurements, the diffusion 

coefficient can be estimated. As the material is exposed to environmental conditions, the 

material will either absorb or lose moisture. The percentage of moisture content (M in %) as a 

function of time can be expressed by: 
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𝑀(𝑡) =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑖𝑠𝑡 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 − 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
× 100 (19) 

If the relative humidity and temperature in the environment are constant, the moisture content 

during absorption and desorption can be expressed by: 

𝑀 = 𝐺(𝑀 − 𝑀 ) + 𝑀  (20) 

where Mi is the initial moisture content, Mm the maximum moisture content at an equilibrium 

level and G the time depended parameter: 

𝐺 =  
𝑀 − 𝑀

𝑀 − 𝑀
= 1 −

8

𝜋

𝑒𝑥𝑝 −(2𝑗 + 1)  𝜋
𝐷 𝑡
𝑠

(2𝑗 + 1)
 (21) 

Equation (21) can be analytically approximated: 

𝐺 = 1 − 𝑒𝑥𝑝 −7.3
𝐷 𝑡

𝑠

.

 (22) 

where s determines if the material is exposed to the environment on one side (s=h) or both sides 

(s=2h), with h being the material thickness (Figure 2-7). Dx is the material diffusivity in the 

direction normal to the surface. 

Substituting G in Equation (20) with Equation (22), the moisture content at a specific time can 

be calculated: 

𝑀 = 1 − 𝑒𝑥𝑝 −7.3
𝐷 𝑡

𝑠

.

(𝑀 − 𝑀 ) + 𝑀  (23) 

The diffusivity Dx can be determined experimentally. To achieve this, a completely dried, thin 

and flat sample is placed in a controlled environment, having a material thickness much smaller 

than the width (h/l << 1 and h/n << 1) so that moisture predominantly diffuses through the 

thickness. 

The diffusivity Dx can be determined experimentally. To achieve this, a completely dried, thin 

and flat sample is placed in a controlled environment, having a material thickness much smaller 

than the width (h/l << 1 and h/n << 1) so that moisture predominantly diffuses through the 

thickness. 
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Figure 2-7: Schematic image of the geometry of the sample used during the material characterisation 

(adapted from [84]) 

The weight gain over time can then be recorded until equilibrium is reached and the calculated 

moisture content can be plotted against the square route of time. The moisture content 

approaches its maximum Mm asymptotically and will be constant after equilibrium. 

 
Figure 2-8: Plot of moisture absorption versus the square root of time (adapted from [84]) 

The maximum moisture content Mm can be expressed as: 

𝑀 = 𝑎 × 𝑀𝐶  (24) 

where a and b are selected to fit the curve to the experimental results. The diffusivity for a 

homogenous material can then be determined from the initial linear regime of the curve: 

𝐷 = 𝜋
𝑠

4𝑀

𝑀 − 𝑀

√𝑡 − √𝑡
 (25) 

In the case that edge effects must be considered: 
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𝐷 = 𝐷 1 +
ℎ

𝑙
+

ℎ

𝑛
 (26) 

2.2.4 Effects of Moisture on the Epoxy Molecular Structure  

As has been shown in the literature, absorbed moisture can lead to the formation of defects 

during consolidation that can significantly reduce the structural performance. However, due to 

the hydrophilic nature of epoxy resins, the absorbed unbound water molecules can attach onto 

the free epoxy molecule hydrogen bonding sites and create hydrogen bonds. Especially in 

uncured epoxy, where the epoxy chains and the polyamine hardening agent have not 

completely bonded together, more free hydrogen bonding possibilities are available [85–87]. 

Moisture uptake values for epoxy-amine systems have been reported in the literature to be 

3.5%, as compared to anhydride-based epoxies with a maximum moisture content of 0.5% 

[85,88]. Zhou and Lucas [87] investigated the water molecule bonding mechanisms in epoxies 

by nuclear magnetic resonance (NMR) spectroscopy and stated, that water molecules can form 

two types of hydrogen bonding in epoxy structures. Type 1 has one bonded site, whereas Type 

II hydrogen bonds have two different available bonding sites for the water molecule. The two 

possible water molecule bonding mechanisms are shown in Figure 2-9. 

a) 

 

b) 

 
Figure 2-9: a) Water molecules form one hydrogen bond with resin network b) Water molecules form 

more than one hydrogen bonds with resin network (adapted from [87]) 

The reaction between the water molecules and the epoxy leads to a physical degradation known 

as plasticization by increasing the macromolecular chain mobility. An increase in chain 

mobility leads to a decrease in glass transition temperature (Tg) and changes the mechanical 

behaviour. Numerous studies have investigated the effect of moisture on cured prepreg 

laminates [87–96]. All studies confirm that the absorbed moisture affects the failure modes and 

causes a reduction of Tg up to 50°C for cure epoxy prepregs. M. Akay [90] found degradation 

of ILSS, compressive strength and flexural strength of 17, 10, and 7% respectively. In addition, 

the failure modes have shown to be dominated splitting in compression tests and delamination 

in flexural test specimens. 
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However, the effect of moisture on uncured prepreg epoxy resin, besides the creation of voids 

and diffusion rates, has scarcely been investigated in the literature. Only N. Sharp [79] studied 

the effect of water on uncured epoxy composites. Molecular water diffusion modelling 

demonstrated that water molecules diffuse into the free volume of the epoxy. During the curing 

process, when density increases, the free volume decreases and entrapped water molecules no 

longer fit within the free space creating nanophase separation. This leads to a decrease in Tg, 

as well as reduction in the achieved degree of cure. Furthermore, it was found that an increase 

in water content reduces the resin viscosity and increases the cure rate. 

2.3 Uncured Prepreg Characteristics and Characterisation Methods 

Based on the literature, several important material characteristics have been identified that can 

be affected by moisture and influence the consolidation ability of prepreg materials during 

autoclave and OOA processing. This section will discuss the relevance of the prepreg 

characteristics of defect formations and introduce commonly employed characterisation 

methods.  

2.3.1 Prepreg Tack 

At room temperature, a partially cured prepreg epoxy resin has a high viscosity (e.g. 104 Pa.s) 

and specific tack depending on the resin system used. Prepreg tack is usually defined as the 

ability of the prepreg plie to adhere to its adjacent surface and is, therefore, necessary to be 

able to lay up three dimensional, complex geometries. Insufficient tack will cause the prepreg 

ply to fall off or slip during manufacturing while too high tack makes it more difficult to 

separate incorrectly placed plies again. 

In a study conducted by Bloom et al. [97] the effect of woven prepreg properties including 

tack, shear and flexural rigidity on the hand layup speed was investigated. Skilled prepreg 

laminators laid up woven prepreg with varying tack on increasingly challenging moulds, and 

the layup time indicated the material layup performance. The variation in tack was achieved 

by pre-curing the prepreg to different levels of degree of cure. The presented results 

demonstrate that increasing tack decreases the layup times. However, it should be noted that 

an upper level of tack existed where the tack was too high, making layup very difficult. 

Banks et al. [98] characterised the drape behaviour and tack of a woven glass/epoxy prepreg at 

different levels of resin degree of cure between 0.01 and 0.59 in order to determine the optimum 

handling characteristics during layup. It was found, that at low levels of cure, the tack was not 
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sufficient enough to stick to the tool surface, and high levels of tack resulted in inadequate tack 

during forming. 

More recently, research is focused on the influence of tack on the layup quality during 

automated fibre placement processes [99–102]. The amount of research that has been done on 

this topic clearly demonstrates the importance of tack on the layup quality and the need for a 

reliable, standardised method for determining prepreg tack. However, a commercially 

standardised test is not available to date, and there is no general scientific agreement on how 

to characterise tack. Typical test methods to quantify tack are taken from pressure sensitive 

adhesive (PSA) industry and are either probe tests or peel tests.  

In the probe tack test, a probe comes into contact with the prepreg material in a normal direction 

until a defined contact pressure or gap width is reached. After a specified contact time, the 

probe is then reversed and the axial displacement and acting load on the probe during contact 

separation is recorded [102–104]. The peel test is discussed considerably more often in the 

literature, especially in studies regarding the tack during AFP processes. The basic principle of 

a peel test is to progressively separate two adherent surfaces under a constant pulling rate and 

angle (90°, 180°). The pulled specimen is typically a flexible material bonded to a rigid surface. 

The pulling force is recorded and the tack is characterised by the average peel force over a 

specified peel distance, divided by the specimen width. Although it has been shown that peel 

tests more accurately simulate the tack behaviour during layup, since the measurements include 

all phenomena involved in adhesion, the peel force is influenced by the bending stiffness and 

peel angle of the peeled-off specimen. Thus, some researchers have modified and improved the 

peel test method, specifically designed to characterise the tack response to operational variables 

during AFP [100,101]. The effects of processing and material parameters on tack have been 

studied by various researchers [99,101–104,104–107]. Regardless of the test method used, the 

studies are in agreement that parameters such as temperature, feeding rate, application pressure, 

material combinations and resin viscosity affect the adhesion between resin and the substrate 

surface. 

2.3.2 Resin Viscosity and Cure Kinetics 

As has been shown in the previous sections, an understanding of the cure kinetics and resin 

viscosity development during the curing process is paramount to manufacture defect-free high-

quality laminates. Research has shown that the rate and quality of the fibre bed infiltration 

strongly depend on the resin viscosity and resin cure kinetics. Thus, the cross-linking process 



 

38 
 

of the epoxy resin during processing needs to be known to adjust and optimize cure cycles or 

change the resin properties. As the temperature increases, the rate of crosslinking increases, 

which increases the viscosity. The extent of the crosslinking reaction is known as the degree 

of cure, α, and is defined as the proportion of heat released during the exothermal reaction, 

relative to the total heat released through complete cure reaction: 

𝛼 =
1

𝐻

𝑑𝑞

𝑑𝑡
𝑑𝑡 (27) 

where HR is the total amount of heat generated during the complete cure reaction, and dq/dt the 

rate of heat generation. The heat flow and degree of cure can be determined using differential 

scanning calorimetry (DSC) analysis. Several models have been proposed to model viscosity 

related to temperature and the degree of cure, typically following an Arrhenius type function. 

Hubert et al. [108] compared various models to experimental results of viscosity test and found 

that the viscosity model developed by Kenny et al. [109] predicts the viscosity development 

more accurately for typical autoclave heating rates. The model is as follows: 

𝜇 = 𝐴  𝑒𝑥𝑝
𝐸

𝑅𝑇

𝛼

𝛼 − 𝛼

 ( )

 (28) 

where Aµ, Eµ A and B are experimentally determined parameters, αg the degree of cure and R 

the universal gas constant. 

Several methods have been developed to monitor the cure and viscosity of the resin during 

processing. A widely used technique to monitor in-situ the cure of a thermosetting resin, is 

dielectric analysis (DEA) [110–113]. Day et al. [114] used the DEA method to study the 

viscosity development at different heating rates and found that slower heating ramps lead to 

higher viscosities. Kim et al. [113] studied the out-time effects on cure kinetics and viscosity 

of prepreg, stating that polymerization at ambient temperature reduces the rate and degree of 

cure as well as affecting the viscosity at elevated temperature. 

Viscosity measurements on B-staged neat epoxy resins are commonly done utilizing shear 

rheometers [108,115]. In this method, a specimen is squeezed between rotating or oscillating 

plates at constant speeds or frequency, while the rheometer measures the sheer force via the 

torque applied. Additionally, by using oscillating plates, this method allows characterisation of 

the viscoelastic behaviour (shear modulus, storage and loss modulus) of the specimen by 

measuring the deflection path of the sinusoidal oscillation. 
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2.3.3 Bending Stiffness 

The bending stiffness of a dry woven textile is in principle governed by the slippage between 

the fibres. However, in unidirectional prepreg materials, the bending stiffness strongly depends 

on the fibre orientation of the specimen. In the orientation along the fibres (0°), the bending 

stiffness is mostly influenced by the fibrous phase, whereas the bending stiffness in the 90° 

fibre direction is mostly dependent on the resin viscosity. 

It has been well established in previous studies that the bending stiffness influences the draping 

and forming behaviour of fibrous material, especially for composite textile reinforcements. In 

the literature, the formation of out-of-plane wrinkling during the forming and consolidation 

process is mainly attributed to the bending behaviour, and has been studied widely 

[60,116,117]. Boisse et al. [60] and Liang et al. [116] found that the bending stiffness 

determines the size and shape of wrinkles. Furthermore, several simulations have been 

proposed that show the sensitivity of wrinkling on the bending behaviour [60,118–120]. 

However, most of the research is focused on draping and forming processes of fabrics or 

thermoplastic laminates with large deformation rates. Only a few studies have investigated the 

influence of bending stiffness on wrinkling in uncured unidirectional epoxy prepregs during 

OOA or autoclave consolidation [63]. 

Various methods exist to determine the bending stiffness of fibrous material. The Peirce 

method was introduced in the 1930s and is still a commonly applied technique. The bending 

stiffness of a textile specimen is characterised based on the cantilever bending of a textile under 

its own weight, as outlined in the ASTM D1388 standard cantilever test method. In this test 

method, a rectangular specimen is placed on a horizontal plane and gradually pushed over the 

edge of a tilted plane. As the specimen edge touches the tilted plane, the test stops and the 

overhang length and the inherent material properties of the specimen can be used in analytical 

models to calculate the bending stiffness. However, experiments have shown that edges tend 

to twist during bending due to inhomogeneous loading, which affects the overhang length. 

Thus, some studies improved this method by using digital cameras to record the deflection of 

the specimen [121]. To study the effect of temperature on the bending stiffness of a PEEK-

satin, Liang et al. [116] used a CCD camera to record the deflection of a fixed clamped textile 

by its own weight at various temperatures in a thermal environmental chamber. Based on the 

deflection shape the bending moment versus curvature cures was measured. 
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Other methods that have been proposed in the literature are the Kawabata bending tests and 

tests based on three-point bending methods. The Kawabata test is only feasible for fabrics and 

is therefore not considered in this study. Three-point bending tests are typically completed 

using Dynamic Mechanical Analysis (DMA). The advantage of DMA testing is that tests can 

be conducted under a regulated environment with close control of temperatures and heating 

rates as well as tests speeds. Margossian et al. [117] assessed the usability of the DMA machine 

for determining the bending stiffness of thermoplastic composites at three temperatures and 

test speeds, utilizing three different standard clamps (single cantilever, double cantilever and 

three-point bending with 20 mm and 50 mm span width). Tests have shown that the three-point 

bending test configuration is the most suitable to determine the bending stiffness. In addition, 

a strain rate dependency on the bending modulus has been detected at forming temperatures. 

Although most bending stiffness tests are done on cured unidirectional samples or laminates, 

the method can also be used for uncured prepreg material as long as the bending stiffness is 

sufficiently large enough to be detected by the DMA system.  

2.3.4 Interply Friction 

As has been demonstrated in the literature, during forming and consolidation, multi-layer pre-

stacked thermoset prepregs undergo different deformation such as intraply shear, interply shear 

and out of plane bending. During forming and consolidation, the interfaces of neighbouring 

plies are forced to move relative to each other in order to conform properly to the mould 

geometry. The ability of the plies to shear is dependent on the interply friction. As suggested 

in the analytical model from Levy [67], interply friction affects the corner thickening 

phenomenon and pressure distribution in corners. Other studies show with experiments and 

simulations that interply slippage effects the ply wrinkling phenomenon and shape distortion 

[37,122,123].  

Hence, a fundamental understanding of the behaviour of interply shear of uncured prepreg is 

important to avoid process-induced defects. 

A state-of-the-art technique to measure friction either between the tool/prepreg ply interface or 

interply friction of prepreg materials is to clamp two surfaces together using a controlled 

normal force and pull the surfaces relative to each other at a constant pulling rate. Research on 

friction has been completed for a variety of different prepreg materials types, by investigating 

the effect of pulling rates, temperatures and normal forces on the friction coefficient in order 

to simulate forming and consolidation processes of prepreg materials [37,124–130].  



 

41 
 

Figure 2-10 illustrate different state of the art friction measurement set-ups. Differences 

between the methods are based on the nominal friction area, how the relative movement is 

initiated and the mechanism that distributes the normal force over the friction area (pneumatic, 

weight, screws and springs). If tests are completed at elevated temperatures the fixture either 

fits in a climate controlled oven or the prepreg is heated by temperature-controlled pressure 

blocks. Such test rigs are usually fixed in a universal testing machine (UTM), from which the 

coefficient of friction (CoF) can later be calculated from the load-displacement curves, 

extracted from the experiments. 

 
a) University of Twente b) University of 

Massachusetts Lowell 
c) TU Clausthal 

  
d) University of Orleans e) TU Dresden f) KU Leuven 

Figure 2-10: Schematic representation of different friction test set-ups (adapted from [130]) 

U. Sachs et al. [130] conducted a benchmark study in which seven different institutes measured 

the interply friction for the same prepreg material under the same testing conditions, but with 

different testing set-ups. The results demonstrated a variation of 32% between the institutes. 

The reasons for these variations may be due to the stretch of fabrics and fibre movement at the 

initial testing stage, as well as the structural rigidity of the friction set-up and a deflection of 

the pressure plates. 

It is assumed, according to tribology, that friction should generally be governed by Coulomb 

friction if no fluid separates the surfaces. The static CoF is then described as follows: 

𝜇 =
𝐹

𝑁
 (29) 
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where µ is the friction coefficient, N the normal force and F the applied force before slippage 

occurs. 

For measurements conducted at low pressures and high temperatures, where resin viscosities 

are very low, the friction between the surfaces in contact is believed to be purely hydrodynamic 

due to the separation of the surfaces by the fluid lubricating resin film. The force of friction 

(Ff) can then be written as: 

𝐹 =
η

𝑑
𝜗 (30) 

where η is the matrix viscosity, d the film thickness and 𝜗 the relative speed of slipping.  

Typical CoF values for prepreg materials lie between the broad range of 0.1 and 0.8 depending 

on the matrix system, pulling rates and temperatures. Prepreg materials have a considerably 

rough surface due to the fibre architecture and the partial resin impregnation. During the curing 

process, when the resin viscosity drops and lubricates the ply interface with a thin resin film, 

surface asperities might still be in contact, which is referred to as boundary lubrication. The 

translation between the different friction types can be visualised by the Stribeck curve, which 

is a plot of the friction coefficient as a function of the Hersey number given as: 

𝐻 =
η𝜗

𝑝
 (31) 

where η is the dynamic viscosity of the resin, 𝜗 the relative speed at the contact surface and 

p the applied pressure. 

Most sample pulling rates found in the literature are relatively high (2 mm – 10 mm/min) 

compared to the expected maximal relative ply movement experienced during autoclave 

processing. This is due to the fact that previous researchers have been mainly focused on 

thermoplastic prepreg draping behaviour with high deformation rates. Only a few researchers 

have investigated the frictional behaviour for very small displacement rates (0.01mm – 

0.1mm/min), and the effect of absorbed moisture has not been adressed. It can be assumed that 

plasticisation of the epoxy matrix, due to absorbed moisture, changes the resin viscosity and 

therefore the frictional behaviour between interfaces during processing. Since studies have 

shown that relative ply movement effects defect formation in complex geometries, it is 

necessary to determine the effect of moisture on interply friction. 



 

43 
 

2.3.5 Compaction Behaviour 

To optimise the composite manufacturing process and part quality, an understanding of the 

compaction behaviour of the uncured prepreg laminate during consolidation is important. 

Analytical models and simulations have shown that in complex geometries the compaction 

behaviour is one of the parameters affecting the defect formation in corners [64,67,68]. 

During compaction, the matrix and the fibre network exhibits several deformation and flow 

mechanisms. Depending on the resin type used, the initial fibre volume fraction, load rates and 

pressure distribution and flow mechanisms can vary greatly. The viscosity determines the flow 

type during compaction. If the resin viscosity is low enough, the resin can escape out of the 

laminate, flowing along the fibre direction with limited through-thickness flow. This process 

is known as bleeding or percolation flow. At higher viscosities, the resin does not flow through 

the fibrous network and pushes the fibres transversely as an incompressible fluid, which is 

known as squeezing or shear flow. Traditional thermoset resins exhibit low viscosities during 

processing, as compared to high-viscosity thermoplastics. Thus, epoxy prepregs are more prone 

to bleeding and percolation flow, whereas thermoplastic prepregs exhibit squeezing and shear 

flow behaviour during compaction. Toughened prepreg systems, however, exhibit intermediate 

viscosities due to the thermoplastic particles within the resin system, and will exhibit both 

features during compaction [64]. In pure a bleeding condition, the through-thickness 

compaction is limited by the ratio of the initial fibre volume fraction (typically 40% - 50% after 

debulking) to the maximum fibre volume fraction after compaction (typically 70% - 75%). 

Squeezing and shear flow allows the material to spread laterally and thus could achieve higher 

compressibility. 

However, Hubert and Poursartip [64] demonstrated that bleeding and squeezing flow can occur 

concurrently when consolidating toughened and low viscous prepreg on curved tools, leading 

to overall higher compaction, as if only one flow mechanism is present. Most flow models 

proposed in the literature consider either squeezing flow behaviour for high viscous 

thermoplastics, that do not demonstrate a compaction limit, or percolation flow based on 

Darcy’s law for low viscosity thermosetting resin systems, that cannot capture the dimensions 

and strains at the final laminate thickness [16]. Belnoue [16] proposed a transitional model 

coupling squeezing and bleeding flow in application to prepreg systems, and compared the 

result to experimental data obtained from a series of compaction tests conducted by Nixon-

Pearson [131]. In the experimental program, two different toughened prepreg systems were 
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compacted in a DMA, following an isothermal ramp-dwell program. As proposed by Ivanov 

[132] unidirectional stacks of plies and cross-ply sample configurations were tested. These 

configurations provide the compaction limits and the prepreg spreading laterally, so the relation 

between squeezing and bleeding mechanisms can be determined. In addition, scaled up 

specimens were tested using a universal testing machine with temperature-controlled heated 

plates. In contrast to compaction tests conducted by Buntain et al. [133] and Hubert et al. [134], 

the sample edges were not constrained, and were hence free to spread laterally, reducing the 

risk of inducing non-uniform compaction forces around the edges. It has been shown that the 

resin viscosity governs the flow mechanisms during compaction, and therefore determines the 

compaction limits of a prepreg stack during consolidation. Since the resin viscosity may be 

affected by absorbed moisture, it in turn will also affect the compaction behaviour of an 

uncured prepreg stack, an effect which has not been investigated to date. 

2.4 Numerical Modelling of Defect Formation in Corners 

The previous sections have demonstrated that various process and material parameters, 

especially the resin viscosity and the associated flow mechanisms, affect consolidation quality 

during processing. Thus, it is important to understand the impact of each parameter and their 

complex interrelationships on the process phenomena. Empirical parametric studies and trial 

and error approaches are rather expensive and time-consuming. To overcome this issue 

numerical process simulation models have been developed, allowing performance of 

sensitivity analyses on material and processing parameters to reduce the number of 

experiments. However, to ensure reliable and accurate predictions, simulation models require 

an accurate description of the material behaviour during processing.  

As previously mentioned, early consolidation models have been developed either based on 

squeezing or bleeding conditions, depending on the prepreg matrix type used. Hence, most of 

the simulations generated to predict deformation are based on one or the other flow condition, 

and do not consider the occurrence of both flow mechanisms simultaneously. As both 

mechanisms have been shown to occur simultaneously in the more advanced toughened 

prepreg systems [64,131,132], these models are not relevant in this study. 

More recently, a novel consolidation model for toughened prepreg materials has been proposed 

by Belnoue et al. [16]. The model incorporates both squeezing and bleeding flows, as well as 

compaction limits and size effects during consolidation. The model assumes a transition from 

shear flow to resin bleeding conditions based on micromechanical considerations. At the 
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beginning of compaction, pure squeezing flow is assumed associated with a rearrangement of 

the fibre architecture by reducing the gap width between fibres, leading to an increase in the 

apparent viscosity. At a certain gap width, no further compaction can be achieved, and the fibre 

architecture is “locked”. At this stage, the transition to bleeding flow occurs, assuming a resin 

flow along the fibre direction and out of the system. The link between squeezing and bleeding 

flow is expressed analytically by decomposing the apparent viscosity in a strain-dependent and 

strain rate dependent term, as proposed by Kelly [135]. The proposed viscous consolidation 

model has then been extended into a novel hyper-viscoelastic model utilizing a 

thermodynamical framework for transversely isotropic solids, previously proposed by Limbert 

and Middelton [136]. Lastly, the hyper-viscoelastic model has been implemented as a UMAT 

subroutine for the finite element software Abaqus/Standard, which has been made available by 

the institute of Advanced Composites Collaboration for Innovation and Science (ACCIS), at 

the University of Bristol. The input parameters required by the model are the ply dimensions 

and only three temperature dependent material constants that can be derived from experimental 

laminate compaction tests as explained in Nixon-Pearson [131]. Plots of the thickness evolution 

from compaction experiments have shown good agreement to the simulation results from the 

novel compaction model proposed by Belnoue [137].Since the required consolidation model 

parameters can be derived from experimental compaction tests, this model allows investigation 

of the effect of absorbed moisture on consolidation behaviour, and is therefore of significant 

interest for this study. Furthermore, a ply-by-ply modelling approach can be used, which has 

the advantage that ply interaction properties such as interply friction and fibre orientations can 

be integrated, and a parametric study on corner defect formation can be conducted. 

2.5 Conclusion 

Autoclave and OOA consolidation processing of prepreg involve many complex phenomena 

that need to be well understood in order to produce high quality, defect free CFRP components. 

This chapter has presented a brief review of the key process phenomena and material 

parameters that can be correlated to consolidation quality and formation of defects such as 

voids and wrinkles. It has been found, that although a significant amount of research has been 

conducted into understanding the formation of defects, the void formation and wrinkling 

phenomena in complex geometries is still not yet fully understood. Based on the literature 

review conducted, a flow chart has been developed to point out the current gaps of knowledge 

on the defect formation of voids and wrinkling within OOA and autoclave processing, as 

presented in Figure 2-11. 
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Figure 2-11: Flow chart illustrating the influence of various parameters on defect formation in CFRP 

laminates 
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The main areas identified that affect defect formation are the part geometry, uncured material 

characteristics, environmental factors and process parameters such as curing temperature and 

consolidation pressures. Analytical models have been proposed that suggest a reduction in 

compaction pressure in L-shaped corners due to geometrical constraints affecting the resin 

hydrostatic pressure. However, the reduction in compaction pressure in corners during 

processing has not been experimentally measured to date. Thus, a novel approach to measure 

the pressure distribution during the debulking process for various laminate thickness to corner 

radius ratios was proposed, utilizing an I-Scan® Tekscan pressure mapping sensor. 

Environmental factors such as relative humidity and temperature have been shown to induce 

void formation, especially in corner areas where lower consolidation pressures are expected. 

Based on analytical consolidation models, it has also been shown, that material characteristics 

such as interply friction, tack, compaction behaviour and bending stiffness strongly influence 

the compaction pressure and defect formation in complex geometries. However, during the 

early stages of processing the uncured prepreg material can absorb moisture from the 

surrounding air, which can affect those parameters and thereby directly affect the consolidation 

pressure distribution in areas of geometric complexity. Therefore, it is important to investigate 

the effect of absorbed moisture on the uncured prepreg characteristics and how this influences 

consolidation behaviour during processing. 

It has also been shown in the literature that the wrinkling phenomena is dependent on the same 

parameters mentioned above. Hence, the effect of humidity on out-of-plane wrinkling needs to 

be investigated, by evaluating the severity of wrinkling from cross-sections of parts produced 

at different humidity levels. Furthermore, there remains a lack of knowledge about how defects 

develop through autoclave processing stages. While most of the previous studies are focused 

on the effect of mould geometries and laminate details on part quality, such as bagging 

techniques and stacking sequences, little work has been conducted on when defects are initiated 

during the various stages of autoclave consolidation of prepreg. Identification of imperfections 

in the final cured part provides little information on the contribution of the different 

manufacturing steps, such as the lay-up process and the debulking process.  

Various models have been proposed in the literature with the intention to predict process 

phenomena such as fibre bed permeability and air evacuation, degree of cure, resin viscosity 

and laminate consolidation. Experiments have shown that these phenomena are strongly 

dependent on the prepreg system used. Where prepregs with thermoset resins exhibit resin 
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percolation flow during consolidation, thermoplastic prepreg systems tend to exhibit squeezing 

flow. Newly developed toughened prepreg systems, as used in this study, conversely show a 

hybrid behaviour.  

This study proposes a novel numerical parametric consolidation model for L-shaped parts 

during autoclave and OOA processing, based on a recently developed novel hyper-viscoelastic 

consolidation model for toughened prepreg systems proposed by Belnoue [137]. The 

simulation model enables a parametric study to investigate the effect of absorbed moisture on 

the pressure distribution in corners, and the onset of wrinkling for various laminate thickness 

to corner radius ratios and laminate stacking sequences. 

Lastly, previous research on the effect of absorbed moisture prior to the curing process on the 

mechanical properties of the cured and defect free parts has been considered. Numerous studies 

have investigated the moisture diffusion in already cured parts and their effect on their 

mechanical properties. Other studies investigated the effect of absorbed moisture on void 

growth and their effect on resin dominated mechanical properties such as ILSS and 

compressive strength. However, there have been very few studies on the effect of humidity 

during production on the ILSS and compressive strength of cured and void free laminates. 
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Material Systems 
 

 

3.1 Prepreg Material 

The material used within this study is a unidirectional toughened prepreg system with Toray – 

T700 standard modulus (SM) carbon fibres and Hankuk – RS4545S epoxy resin system. The 

fibre volume fraction for the raw material is specified by the supplier to be 0.6. Two prepreg 

areal weights, having 150 grams per square meter (gsm) and 300 gsm, were used within this 

study depending on the experiment. A complete data sheet for the epoxy resin and carbon fibres 

can be found in Appendix A. A summary of the properties of the fibres is given in Table 3-1.  

Table 3-1: Material properties of Toray T700 SM fibres 

Property Value 

Tensile strength 4900 MPa 

Tensile modulus 230 GPa 

Density 1800 kg/m3 

Filament diameter 7 µm 

Coefficient of thermal expansion 0.38 α 10-6/°C 

Specific heat 0.18 Cal/g °C 

Thermal conductivity 0.0224 Cal/cm s °C 
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The applied epoxy resin system was specially designed by Hankuk for either autoclave or OOA 

based curing processes. A summary of the material properties of the resin system is provided 

in Table 3-2. 

Table 3-2: Material properties of Hankuk RS4545 toughened epoxy resin 

Property Value 

Tensile strength 78 MPa 

Tensile modulus 3.6 GPa 

Flexural strength 146 MPa 

Flexural modulus 3.6 GPa 

Curing temperature 120 °C 

Glass transition 
temperature (Tg) 

141 °C 

 

During this research programme the material was stored on a roll in a freezer at -18°C situated 

at the CACM. Prior to the sample manufacturing processes the prepreg material was defrosted 

in the sealed bag for 1 hour. To prevent the prepreg material from self-adhering during storage 

and handling, the material is coated with a protective plastic film on both sides. The resin rich 

top surface is covered by a red protection film and the bottom side with less resin applied is 

covered by a green protection film as shown in Figure 3-1. Sample size, stacking sequence and 

areal weight vary with each experimental study, and will be further discussed in the following 

sections. 

a) 

 

b) 

 
Figure 3-1: Prepreg material protection film a) Top surface with red film b) Bottom surface with green 

film 
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3.2 Consumables 

Various consumables were required during the manufacture of the prepreg test laminates, as 

well as for the preparation of the samples used within the following experiments. All 

consumables used in this research are listed in Table 3-3. 

Table 3-3: Consumables used during laminate manufacturing and sample preparation 

Consumable Supplier Material Thickness 
(mm) 

Max. 
Temperature 

(°C) 
Debulking and 

Curing Bag 

Airtech 

 

Ipplon® 

KM1300 
Nylon 

0.125 212 

Breather Cloth Airweave® S 
Polyester 

4 204 

Perforated 
Film 

Wrightlon® 
5200 

Polyolefin 

0.05 260 

Peel Ply Econostitch® 

Non-coated 
Nylon 

0.127 190 

Release Film Release Ease® 

PTFE 
0.06 288 

Release Agent Axel Plastics 

Research Lab Inc. 

XTEND® 

19SAM 

Liquid 

film 
204 
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Moisture Absorption and Desorption 
Characteristics 
 

 

During the autoclave or OOA manufacturing processing steps, the uncured prepreg material is 

temporarily exposed to the surrounding environment. Depending on the scale and part 

complexity, the time of exposure prior to the curing step (e.g. ply cutting, lay-up and debulking) 

can vary greatly. For large scale CFRP parts, the combined duration the material is completely 

exposed to the surrounding environment, can reach several days. In a manufacturing 

environment where the temperature is controlled, but the relative humidity during 

manufacturing can vary, the question arises, on how much moisture will the uncured prepreg 

material contain, that can lead to void formation during the curing process. Thus, initial studies 

were conducted to determine the maximum moisture content absorbed by the prepreg material 

before the autoclave consolidation process, due to molecular diffusion of water molecules. 

Hence, the moisture absorption and desorption characteristics during a standard layup and 

debulking process were investigated. 

UD Prepreg samples with an areal weight of 300 gsm were cut to a size of 100 mm x 100 mm, 

with an accuracy of ±1 mm, using an automated ply cutting machine. Prior to the moisture 

absorption experiments, all samples were dried in vacuum pots with an applied vacuum of 0.1 

kPa at 21°C, which is below the vapour pressure of the absorbed moisture. To ensure that the 

top surface of each prepreg ply was completely exposed to the environment, the red protection 
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film was peeled off and each ply was placed separately on a rack that was specifically designed 

to fit within the vacuum pots as shown in Figure 4-1. 

  
Figure 4-1: Rack used to dry prepreg samples in vacuum pot 

The weight loss was measured periodically until no further reduction in mass could be detected, 

using a Mettler Toledo AE24 scale. After six hours the initial dry weight, Mi, of all samples 

was measured. Figure 4-2 illustrates the weight loss of six sample specimens until no further 

weigh loss could be detected. Based on these results, it was assumed that all further samples 

will reach their dry weight after 300 minutes of vacuum drying. 

 
Figure 4-2: Specimen weight loss during the drying process in a vacuum pot at 0.5 kPa 

 

4.1 Moisture Absorption and Diffusion Coefficient Determination 

To investigate the influence of the sample thickness on moisture diffusion, three sample 

configurations were tested, having a single layer and cross-plied, hand layup stacks with 0° and 
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90° fibre orientation, consisting of 5 and 10 layers. The fully dried prepreg layers were stacked 

and placed on an aluminium sheet of 105 mm x 105 mm and the top (red) prepreg protection 

film was removed, so that the moisture could only diffuse from one side in the through-

thickness direction. The weight of the aluminium plates and each sample were measured 

separately. For each humidity level and sample configuration five specimens were tested. 

The conditioning of the fully dried samples was completed in an environmental chamber 

(Contherm Precision Environmental Chamber CAT 180/190 R/RHS). The climate conditions 

have been set to 40% and 90% relative humidity at a constant temperature of 21°C. The 

accuracy of the humidity control recorded to be ±2%. For tests conducted at 90% RH the 

humidity level never exceeded 90%. A variation in temperature of ±1°C was detected. The 

prepreg samples were placed inside the environmental chamber and the weight gain over time 

was measured periodically, using a Mettler Toledo AE24 scale. 

 
Figure 4-3: Single prepreg layers placed in environmental chamber for conditioning at various humidity 

levels  

The weighing process of all samples, starting from taking the samples out of the environmental 

chamber, weighing each sample and placing them back in the chamber, took at maximum 10 

minutes. Thus, the effect of the uncontrolled humidity level outside of the environmental 

chamber could be neglected. Figure 4-4 and Figure 4-5 show the average weight gain of three 

samples over time, conditioned at 40% RH and 90% RH respectively. 
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Figure 4-4: Plot of weight gain over time for prepreg samples conditioned at 40% RH at 21°C 

 
Figure 4-5: Plot of weight gain over time for prepreg samples conditioned at 90% RH at 21°C 

The plot of the single prepreg layers conditioned at 40% RH shows a steep, almost linear, 

increase within the first 20 hours until it slowly asymptotes to its maximum weight gain of 

approximately 0.18%. The same moisture absorption behaviour can be seen for the single 

prepreg layer conditioned at 90% RH. However, the amount of absorbed moisture is almost 

doubled within the same time, maximum weight gain being 0.33%. From these results it can 

be concluded that a single 300 gsm prepreg layer reached its maximum moisture content after 

25 hours regardless of the humidity level, at a temperature of 21°C. The plots for the 5-layer 

and 10-layer samples show a logarithmic curve with a continuous decrease in the rate of 

increase. None of the stacked samples reached an equilibrium within 160 hours. It was decided 
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to stop the conditioning after 165 hours, since the progressive resin crosslinking at room 

temperature may already affect the maximum saturation level. 

To calculate the moisture content and the mass diffusion coefficient of the water molecules 

into the prepreg material, the procedure proposed by C. Shen et al. [84] based on Fick’s law, 

explained in Section 2.2.3, was followed. First, the weight gain was plotted versus the square 

root of time, as shown in Figure 4-6 and Figure 4-7. 

 
Figure 4-6: Plot of the relative weight gain versus the square root of time, for samples conditioned at 40% 

RH 

 
Figure 4-7: Plot of the relative weight gain versus the square root of time, for samples conditioned at 90% 

RH 

From the linear slope of the plots, the diffusion coefficient could then be calculated using the 

following equation, derived by C. Shen et al. [84]: 
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𝐷 = 𝜋
𝑠

4𝑀

𝑀 − 𝑀

√𝑡 − √𝑡
 (25) 

where s is the geometrical factor, Mm the maximum moisture content after equilibrium, and M 

and t are the mass and time taken at two instances. The maximum moisture content Mm at 

equilibrium level can be calculated by multiplying the initial dry weight of the samples by the 

maximum relative weight gain. Assuming one-sided through-thickness diffusion, the 

geometrical factor s equates to twice the sample thickness. The dry sample thickness h was 

measured using a thickness gauge with an accuracy of 1 µm. The maximum moisture content 

and the sample thickness for each sample configuration is presented in Table 4-1. 

Table 4-1: Average maximum moisture content of the fully saturated samples at 40% and 90% RH 

RH Number of 
Layers 

Average Maximum Moisture Content 
Mm (*experimental value, **calculated 

value) 
(g) 

Geometrical Factor S 
(mm) 

Average 
Thickness (h) 

STDEV 

40% 

1 0.008* 0.31 0.01 

5 0.041** 1.55 0.03 

10 0.081** 3.2 0.01 

90% 

1 0.015* 0.31 0.01 

5 0.075** 1.55 0.04 

10 0.150** 3.2 0.01 

 

Table 4-2 presents the maximal average percentage weight gain of five specimens and the 

calculated diffusion coefficients for samples conditioned at 40% and 90% RH at constant 21°C. 

It can be seen, that that the diffusion coefficients lie all within the same magnitude. This is 

expected, as the diffusion coefficient is a physical constant describing the molecular movement 

driven by a concentration gradient. The molecular movement is thereby dependent on 

temperature, pressure, molecule size and the bulk material pore structure but independent on 

the laminate thickness. However, a slight increase in the diffusion coefficient with increasing 

numbers of prepreg layers can be observed. This can be explained by the increasing pore 

structure between the prepreg layers due to the rough prepreg surface, increasing the free 

volume within the bulk material. The calculated values show good agreement with prepreg 

material diffusion coefficients found in the literature [138]. 
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Table 4-2: Diffusion coefficient and relative weight gain of samples exposed to 40% and 90% RH at 21°C 

Relative 
Humidity 

Number of 
Layers 

Time until 99% 
saturated 

(h) 

Maximum 
relative weight 

gain 
(%) 

Diffusion 
Coefficient 

(m2/s) 

40% 

1 25 

0.18% ± 0.003% 

1.28E-12 

5 625 1.88E-12 

10 1225 3.87E-12 

90% 

1 25 

0.33% ± 0.007% 

1.20E-12 

5 625 1.72E-12 

10 1225 3.43E-12 

 

With the calculated diffusion coefficients and the absolute relative moisture content for each 

sample, the parameter G can now be plotted versus the square route of time using Equation 22, 

in order to plot the moisture absorption using the analytical model based on Fick’s law 

developed by Shen et al. [84], described in Section 2.2.3: 

𝐺 = 1 − 𝑒𝑥𝑝 −7.3
𝐷 𝑡

ℎ

.

 (22) 

With h being the material thickness, Dx is the calculated material diffusivity in the direction 

normal to the surface and t the time. 

Figure 4-8 and Figure 4-9 show the plots of the analytical model (Equation 22) in comparison 

to the experimental mass evolution data for samples conditioned at 40% and 90% RH 

respectively. The evolution of the curves from the analytical model show good agreement to 

the experimentally obtained values. 
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Figure 4-8: Plot of the moisture absorption model based on Fick’s law, in comparison to the experimental 
obtained values, of samples conditioned at 40% RH at 21°C 

 

Figure 4-9: Plot of the moisture absorption model based on Fick’s law, in comparison to the experimental 
obtained values, of samples conditioned at 90% RH at 21°C 

 

4.2 Moisture Desorption during the Debulking Process 

Next, the effect of the applied vacuum pressure during the debulking process at 21°C on 

moisture desorption from prepreg material was investigated. This study will provide 

information on how much moisture will remain in the material prior to the autoclave 

consolidation process. The fully saturated prepreg samples from the previous absorption 

experiments (Section 4.1) were placed in a debulking setup, as illustrated in Figure 4-10. A 

vacuum pressure of 2 kPa at 21°C, below the evaporation pressure was applied. The vacuum 
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pressure was continuously monitored at the vacuum pump outlet, using a digital pressure gauge 

(Vacmobiles GDH200-14) with an accuracy of ±0.3 kPa as shown in Figure 4-11 and could be 

adjusted using the valve at the vacuum pump outlet. To ensure the vacuum pressure is equally 

distributed over the large mould area, additional wireless Bluetooth® pressure sensors 

(nRF51822 / Bosch BMP280 pressure sensor) were placed alongside the mould centre line, as 

well as at the mould edge. The Arduino Bluetooth® Controller application was used to record 

the pressure values from each sensor during the debulking process. The absolute measurement 

accuracy of the Bosch BMP280 pressure sensor is specified to be ±0.1 kPa. 

a) 

 

b) 

 

Figure 4-10: Experimental setup illustrating a) sample distribution and Bluetooth® sensor positions b) 
debulking setup 

a) 

 

b) 

 
Figure 4-11: a) Vacuum pump inclusive digital pressure gauge used for debulking b) Bluetooth® wireless 

sensor highlighting the Bosch BMP280 pressure sensor 

In contrast to moisture absorption into the prepreg which is only driven by the diffusion 

process, the application of vacuum during the debulking process is another factor that 

contributes to the reduction in moisture concentration, due to the applied pressure gradient 

driven gas flow through the porous fibre bed. As explained earlier (see Section 2.2), the 

absorbed water molecules will diffuse out of the resin and evaporate into the free volume of 
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the fibre bed if the applied vacuum pressure is below the vapour pressure of water. The applied 

vacuum pressure will then drive the water vapour through the evacuation channels and out of 

the laminate. 

Figure 4-12 shows the vacuum pressure development over a period of 10 minutes from all four 

Bluetooth® sensors. The vacuum pressure measured by Sensor 4 which was placed at the outer 

edge of the mould, furthest from the vacuum outlet, took the longest to level down to the final 

constant pressure applied. However, the difference after 1 minute only comes to 0.2 kPa and 

reaches a constant value after 5 minutes with a maximum pressure difference of 0.1 kPa which 

lies within the sensor accuracy. Thus, it can be assumed that the pressure distribution is 

adequate and does not significantly affect the sample’s moisture desorption during the 

debulking process. 

 
Figure 4-12: Vacuum pressure development versus time, from four Bluetooth® pressure sensors 

Again, the analytical scale (Mettler Toledo AE24) was used to measure the sample weight loss 

over time after 15 min, 45 min and 90 min. The results in Figure 4-13 show a decrease in the 

moisture content over time for all samples. However, a relative weight reduction of only 

0.025% was achieved for the single layer 90% RH sample during a debulking time of 15 

minutes. As a result, more than 90% of the absorbed moisture remains in the prepreg material 

prior to the autoclave consolidation process. The same desorption behaviour can be seen for 

the 1 layer 40% RH sample, where a weight reduction of only 0.018% could be achieved, which 

also corresponds to a 10% reduction of the total absorbed moisture in the sample. It can also 

be observed that all curves tend to asymptote to a constant level of relative weight loss, 

signifying that not all moisture could be removed.  

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6 7 8 9 10 11

P
re

ss
ur

e 
(k

P
a)

Time (min)
Sensor 1 Sensor 2 Sensor 3 Sensor 4



 

62 
 

 
Figure 4-13: Relative weight loss over time during the debulking process of fully saturated samples 

conditioned at 40% and 90% RH at 21°C 

This phenomenon can be attributed to the closure of evacuation channels due to the applied 

vacuum bag pressure and the resulting compaction of the samples. Furthermore, as shown in 

the air evacuation experiments conducted by Hickey [22], no through-thickness air evacuation 

could be measured for UD prepreg laminates. Thus, the remaining moisture is captured within 

the laminate and further reduction in moisture content is solely dependent on the diffusion 

process. However, as has been shown in the absorption experiments presented in Section 4.1, 

the diffusion process is too slow to dry laminates within the manufacturing process. 

To demonstrate how the vacuum bag pressure affects the moisture evaporation during the 

debulking process, a fully saturated 10-layer laminate was placed in a vacuum pot without any 

applied vacuum bag pressure. A vacuum pressure of 2 kPa was applied and the surface 

topography of the prepreg sample was recorded using a video camera. Figure 4-14 shows three 

example pictures of a 90% RH sample taken at three different times during vacuum application.  

Debulking Start Debulking 10 min Debulking 20 min 

 
 

Figure 4-14: A quantitative overview on the effect of the absence of a vacuum bag during debulking on 
moisture evaporation and void formation 
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The pictures clearly demonstrate how the absorbed moisture comes out of solution and starts 

to evaporate creating large interlaminar voids if no vacuum bag pressure acts against the vapour 

pressure. Lastly, all saturated samples where dried in the vacuum pot without the applied 

vacuum bag pressure and the weight loss over time was measured, until the sample weight 

reached its initial dry weight. The average values are plotted in Figure 4-15 showing the relative 

weight loss over time. The results demonstrate that all samples could be dried to their initial 

dry weight over a period of 72 hours. All plots show a steep decrease in weight loss within the 

first three hours, until the mass asymptotically approaches the samples initial dry weight. The 

comparison of the maximum absorbed moisture content for all samples versus the maximum 

weight loss under vacuum, without application of a vacuum bag is shown in Figure 4-16. Since 

no vacuum bag compaction pressure is applied on the surface of the samples, the interconnected 

evacuation channels stay connected during the entire drying process. Thus, all the dissolved 

moisture can evaporate and flow out of the samples. 

 
Figure 4-15: Relative weight loss over time by drying samples under vacuum without a vacuum bag 

 
Figure 4-16: Comparison of the maximum absorbed moisture content versus the maximum weight loss 

under vacuum without application of a vacuum bag 
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4.3 Conclusion 

Based on the moisture absorption and desorption experiments presented in this chapter several 

conclusions can be made. First, it has been demonstrated that it takes 25 hours for a single 300 

gsm prepreg layer to be fully saturated with moisture, independent of the RH level. Since the 

ply cutting and layup process of large scale CFRP laminates can take up to several days, 

depending on the size and laminate thickness, it can be assumed that the environment exposure 

time is long enough to fully saturate a single ply with moisture prior to the debulking step. The 

amount of absorbed moisture is thereby controlled by the relative humidity and temperature of 

the environment.  

Second, it has been shown that the debulking process used in industry is not sufficient to fully 

dry the prepreg material. Although the applied vacuum pressure leads to an initial decrease in 

moisture by forcing the water molecules to flow through the interconnected fibre network and 

out of the sample, due to a pressure gradient, it also compacts the laminate and eventually 

closes the interconnected evacuation channels. If no further airflow can be achieved, the 

absorbed and entrapped moisture can only escape the laminate by the diffusion process which, 

however, is too slow to completely dry the laminate within standard debulking times. It should 

be noted, that the experimental sample size was very small compared to actual ply sizes, and 

the evacuation time increases exponentially with the sample length [22]. Thus, it can be 

assumed that during the manufacture of large-scale parts such as CFRP airplane wings and 

CFRP sailing masts, the moisture desorption rate is even less. Based on these results, all 

samples used within the humidity related experiments presented in the remainder of this thesis 

were conditioned for 25 hours in environmental chambers, to ensure all layers were fully 

saturated prior to testing.  
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Effect of Humidity During Autoclave 
Processing Steps on Laminate Quality  

 

 

5.1 Effect of Moisture on Defect Formation during Processing 

For a qualitative overview of the effect on autoclave consolidated laminates due to the relative 

humidity absorbed during prepreg layup, layups were produced under climate-controlled 

conditions. Resulting quality was examined, considering defects generated within various 

geometries. To simulate realistic process conditions, samples were laid up within 

environmentally controlled rooms at 40% and 90% RH, at a constant temperature of 21°C. To 

demonstrate the effect of part geometry complexity on defect formation, flat and U-shaped 

parts were produced. The void content, severity of wrinkling in corners and corner thickening 

after debulking and after autoclave consolidation were evaluated utilising microscopy image 

analyses. 

5.1.1 Laminate Manufacturing Process 

All laminates produced consist of 28 prepreg layers with 0°, ±45° and 90° fibre orientations at 

a ratio of 60%:30%:10% respectively. All 0° plies used have an areal weight of 300 grams per 

square meter (gsm) whereas ±45° and 90° plies have an areal weight of 150 gsm with a ply 

thickness of 0.3 mm and 0.15 mm respectively. In the first step of the sample manufacturing 

process the prepreg layers were cut to a size of 428 mm x 280 mm, considering the fibre 

orientation of 0°, 45° and 90°, utilizing an automated cutting machine at the industrial partner. 



 

66 
 

Once the plies were cut, they were spread out within the environmental chamber, so that each 

top ply surface was completely exposed to the environment. In the control unit of the 

environmental chamber the temperature and relative humidity level can be programmed. 

Preliminary tests have shown that it takes 1 hour until the environmental chamber reached the 

programmed environmental condition, with an accuracy of ±1°C and ±2% RH over a period of 

24 hours, for both the 40% and 90% RH conditions. Next, all prepreg plies were conditioned 

in the chamber either at 40% or 90% RH at 21°C for 25 hours prior to the layup process. 

Due to the large available space within the employed environmental chambers, the layup and 

debulking process could be completed inside the chamber at the controlled environmental 

conditions. Both flat and U-shaped parts were produced consisting of 28 layers with a stacking 

sequence of [0/90/0/45/-45/0/45/-45/0/-45/45/0/90/0]s. The size and geometry of the 

aluminium moulds used are shown in Figure 5-1.  

a) 

 

b) 

 

Figure 5-1: Schematic of the Aluminium moulds used for the a) flat laminates b) U-shaped laminates 

To ensure that the laminates did not stick to the mould surface after the curing process, a thin 

layer of release agent has been applied onto the flat mould surface. For the same reason, a 

PTFE release film with an adhesive backing has been applied to the U-shaped female mould. 

The layup process starts with removing the green prepreg protection film of the first ply that 

will be laid up on the mould. Marks on the mould and plies ensured good alignment during the 

layup of the pre-cut plies. The layup of the flat parts was relatively simple, as the plies could 

be essentially stacked horizontally. However, special care was required for the layup of the U-

shaped laminates, especially in the corner region to avoid ply bridging or fibre misalignment. 

Preliminary test layups have shown that the most repeatable quality could be achieved by 
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folding the prepreg ply in half, so that the ply could be placed on the flat bottom surface of the 

mould. When the ply is properly aligned, the ply can be progressively pressed from the centre 

of the mould inside the corner radius and finally up the mould sidewalls. Each ply was laid up 

the same way, following the laminate schedule. After every fourth laid up ply, the laminate 

was debulked for 15 minutes at 2 kPa vacuum pressure. The vacuum pressure was measured at 

the vacuum pump with a digital vacuum gage (Vacmobiles GDH200-14) having an accuracy 

of ±0.3 kPa. The vacuum pressure could be adjusted by a valve, which enabled the vacuum 

pressure to be maintained consistently throughout the experiments within the range of 2 kPa 

±0.3 kPa. The debulking set up is shown in Figure 5-2. 

a) 

 

b) 

 

Figure 5-2: Assembly of the debulking setup for the a) flat mould and b) female mould 

As shown in Figure 5-3 three samples were produced for each mould geometry. Since the aim 

of this experiment was to investigate the effect of humidity on the defect formation within the 

debulking and autoclave curing step, two sets of flat and U-shaped samples were produced 

following the same procedure as explained before. 

a) b) 

  

Figure 5-3: Picture of sample arrangement on the a) flat and b) U-shaped aluminium tools 

Once all plies were laid up, the moulds were prepared for the curing process. Silicon rubber 

dams with 5 mm thickness were placed between samples to prevent bag bridging between the 

gaps. An additional peel ply was placed on the top prepreg surface, and the vacuum bag, 

breather material and tacky tape used for debulking were replaced with heat resistant materials 
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as listed in Table 3-3. To ensure a good seal within the bag assembly, the vacuum quality was 

tested with the digital pressure gauge. A maximum pressure drop of less than 2 kPa within 10 

minutes was taken to represent an acceptable vacuum quality. 

The first set of flat and U-shaped laminates were then consolidated using an autoclave 

following a predefined temperature and pressure profile, with a maximum temperature of 

120°C and 400 kPa external autoclave pressure, as illustrated in Figure 1-6. During the 

autoclave consolidation step excess resin was bled into the breather cloth, resulting in a final 

part thickness of 5.7 mm and a fibre volume fraction of 62%. 

To investigate the defect content after the debulking step, the second set of flat and U-shaped 

laminates were cured without any applied vacuum or external autoclave pressure. The samples 

were cured in an oven (Elecfurn FAC) with a very slow temperature ramp of 2°C per hour. 

This allows for initiation of the resin crosslinking process without reducing the resin viscosity, 

by gradually pushing the glass transition to a higher temperature and maintaining the laminate 

temperature below it. Thus, the defect content in the laminate will be “frozen” and microscopy 

samples could be produced. A summary of the sample configuration and dimensions are shown 

in Table 5-1. 

Table 5-1: Summary of sample configuration and dimensions for flat and corner samples 

    Proportion of ply orientations [%] 

Experiment Samples Specimen per 
sample 

Laminate 
thickness 

(mm) 

0° 
(300 gsm) 

-45° 
(150 gsm) 

+45° 
(150 gsm) 

90° 
(150 gsm) 

Flat 
Samples 

3 4 5.7 60 15 15 10 

Corner 
Samples 

3 4 5.7 60 15 15 10 

Flat Samples Corner Samples 
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5.1.2 Specimen Preparation and Defect Content Characterisation Method 

The macro and microscopy sample preparation procedure were the same for both the debulking 

and autoclave cured samples. First, a table saw with a circular, diamond grit coated, blade with 

a thickness of 4 mm was used to trim 20 mm from all edges around the samples and to slice 

the component into smaller samples having a width of 30 mm each. Instead of using a calliper, 

macro level images were captured for each sample to accurately measure the thickness 

variation in the flat and corner region, as explained in Chapter X. Microscopy samples were 

then cut from the 30 mm sliced samples using a Buehler® IsoMetTM 1000 precision saw. The 

position of each microscopy sample is shown in Figure 5-4. 

a) 

 

b) 

 
Figure 5-4: a ) Macro and microscopy samples of flat samples b) Macro and microscopy samples of 

corner samples 

The surface of each specimen cross-section was polished in order to achieve high quality 

microscopy surface pictures, which is necessary to identify and distinguish between defects 

and the laminate structure. Before the specimens could be polished, using an automated 

Buehler® EcoMetTM 250 grinding and polishing machine, each sample was potted in West 

Systems 105 resin cured with 205 hardener. The potted specimen could then be placed in the 

specimen holder of the automated grinding and polishing machine.  
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a) 

 

b) 

 
Figure 5-5: a) Nikon Eclipse microscope b) Buehler® EcoMetTM 250 automated grinding and polishing 

machine 

Various grinding and polishing steps were done with gradually decreasing sandpaper grit 

ratings (P180, P400, P1200, P2500) and polishing diamond suspended fluids particle sizes (9 

µm and 6 µm). The force on the specimen during grinding and polishing was set to 20N with 

a disc rotational speed of 250 RPM. After each grinding and polishing step, the specimens were 

first cleaned with water followed by ethanol and then dried using hot air. 

5.1.3 Corner Thickening Characterisation 

The presented corner thickening analysis determines the thickness profile of a sample corner 

and sidewall and finally, the corner thickening ratio. The cut surfaces of the macro samples 

were scanned with a high-resolution scanner (ScanMaker 1000XLplus by Microtek) to quantify 

corner thickening. The lid of the scanner remained open during scanning, to achieve a picture 

with high contrast. Subsequently, the pictures were edited using Adobe Photoshop, which 

includes the removal of small particles, smoothing of edges and rotation. A Matlab program 

was written to identify the edges of the sample surface and to calculate the thickness and corner 

thickening ratio of the sample. The calculation of the corner thickening ratio, 𝑟 , is based on 

the maximum corner thickness and the average of the thickness of the flat part of the sample. 

Figure 5-6 shows a typical cured thickness profile determined for a U-shaped concave laminate, 

and the characteristic points used to quantify corner thickening. 

a) b) 
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Figure 5-6: a) Scanned surface of macro sample showing characteristic points for the calculation of 
corner thickening b) Typical cured thickness profile of a specimen and  

The determination of the thickness of the flat region is limited to the middle section of the part 

(see Figure 5-5a). The thickness of the flat part, tfl, is calculated as the average of the flat part 

between S1 und S2, as defined in Figure 5-5b: 

 
𝑡 =  

1

𝑛
 𝑡  (32) 

where n is a number of measurement points, typically between 10 and 15. The corner 

thickening ratios rct (for the left corner rctl and right corner rctr) are calculated by the ratio of the 

maximum corner thickness tcl or tcr respectively, and the tfl: 

 𝑟 =  
𝑡

,

𝑡
 (33) 

For the comparison between samples, an average is calculated for every sample. It is comprised 

of three ratios determined for each corner 𝑟  and 𝑟 : 

 

 

 

𝑟 , =
 
1
6

 ∑ 𝑟 +  
1
6

 ∑ 𝑟

2
 (34) 

5.1.4 Microscopy Image Analyses of Voids and Wrinkling 

Figure 5-7 illustrates the void content analyses and image processing of debulked and cured 

specimens, manufactured at 40% and 90% relative humidity. First, for the analysis of the void 

content, two images of every corner and flat specimen were taken to cover the whole 25 mm 

cross section area, using an optical microscope (Nikon Eclipse). Since the number and typical 

size of the voids were greater within the debulking samples, images with higher magnification 

were taken in the bright field mode with polarized light. Lower magnification images were 
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taken from the cured samples, using the bright field mode without the polarized light. The 

images were later processed using the GIMP2 software tool, including contrast and brightness 

adjustments. Image trimming was done consistently for all samples in order to evaluate the 

void content within the same sample area. To obtain the void content within the sample area, 

the image analysis software tool ImageJ was used. This software enabled transformation of a 

coloured image into a greyscale image by converting the image into an 8-bit grey scale. By 

appropriate adjustment of the grey scale threshold, voids appear in black and the fibres and 

resin in light grey or white colour. The software calculates the area fraction of the black pixels 

which is correlated to the void content. However, larger voids were filled with resin during the 

potting process and appear on the image with a grey colour. These areas have been coloured 

black manually before calculating the void content. Lastly, the average void content of the two 

images from each specimen was calculated. 

Microscopy Images Taken from Corner Samples 

Debulked Samples Cured Samples 

    

Edited and Trimmed Images 

    

Greyscale Adjustment with ImageJ (Voids appear black) 

    

Void Content 

5.449% 6.400% 0.324% 0.563% 

Figure 5-7: Representative overview of a void content analyses and image processing of debulked and 
cured specimens, manufactured at 40% and 90% relative humidity 
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5.1.5 Experimental Results 

5.1.5.1 Evaluation of Defects in Macroscopic Samples 

Representative images taken from corner cross section areas of the debulked and cured macro 

samples with a 20 mm corner radius, manufactured at 40% and 90% RH, are shown in Figure 

5-8. A difference in the layup quality post debulking between the 40% and 90% samples can 

already be determined by visually comparing the images in Figure 5-8. The corner section of 

samples manufactured at 90% RH show higher void content and ply wrinkling/bridging after 

the debulking step, as compared to samples manufactured at 40% RH. 

 Debulked Corner Samples 

 40% RH 90% RH 

S
li

ce
 3
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 4

 

  
 Sample 7 Sample 10 

 Cured Corner Samples 
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 Sample 6 Sample 11 

Figure 5-8: Representative overview of debulked and cured macro corner samples, manufactured at 40% 
and 90% RH 
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Considering the cured corner sample, while the small amount of void content of the 40% 

debulked samples can be seen to be suppressed during autoclave consolidation, voids and 

severe wrinkling can be seen to remain in the 90% cured. It should be noted, that a difference 

in prepreg tack was already observed during the layup step. Plies conditioned at higher 

humidity experienced a higher adhesion when laid up, which made it impossible to separate 

plies again without damaging them. Thus, improperly laid up plies could not be removed and 

reoriented, when compared to plies conditioned at 40% RH which were easily removable. 

Corner Thickening 

The corner thickening analysis results for the 40% and 90% debulked samples are shown in 

Figure 5-9, where the sample name represents the combination of the humidity level, the panel 

slice and corner cross section number. The results demonstrate an overall 4.2% higher corner 

thickening ratio for the 90% RH samples. Two of the six 40% RH samples (409C3 and 409C4) 

show a higher corner thickening ratio, which can be explained by a bridged ply that could not 

be formed properly to the laminate stack during debulking, which led to an increase in the 

overall corner thickness as seen in Figure 5-9. The high standard deviation seen for all 90% 

RH samples can also be linked to inhomogeneities in the laminate structure, such as voids and 

ply bridging in corners. 

 
Figure 5-9: Average corner thickening rct of debulked samples, manufactured at 40% and 90% RH 

The corner thickening ratios after the autoclave consolidation process are shown in Figure 5-10. 

Similar to the debulked samples, the cured 90% RH samples also show higher corner 

thickening ratios. The standard deviation declined strongly through consolidation, because 
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some laminate inhomogeneities were suppressed, due to the high autoclave pressure in 

combination with the low resin viscosity at higher temperatures. 

 
Figure 5-10: Average corner thickening rct of autoclave cured samples, manufactured at 40% and 90% 

RH 

The average corner thickening ratio for both the 40% and 90% RH cured samples, was slightly 

higher than the debulked samples as illustrated in Figure 5-11. An overall increase of +0.8% 

for the 40% RH samples, and an increase of 1.6% for the 90% RH samples was measured. In 

general, the corner thickening phenomena can be attributed to laminate inhomogeneities 

created in corners such as voids, ply bridging and wrinkling due to insufficient compaction in 

corner regions [64,69]. During the debulking process the vacuum pressure (limited to 1 bar) is 

not sufficient enough to properly form inaccurately laid up plies to the mould geometry. The 

further increase in corner thickening during consolidation can be associated to the squeezing 

and percolation flow induced by the high autoclave pressure, and the drop in resin viscosity as 

the temperature rises during the curing process. Due to the unevenly distributed compaction 

pressure, the flat areas will be compacted at a higher rate compared to the corner region. Thus, 

resin will flow and accumulate in the low-pressure corner areas leading to a decrease in fibre 

volume fraction, and an increase in local laminate thickness [66]. 

Although some voids and ply bridging can be supressed during consolidation, due to the higher 

autoclave compaction pressure, this stage can also be linked to the formation of wrinkles. Ply 

bridging and voids generate a free volume within the laminate, allowing the plies to move in 

the through-thickness direction as the resin viscosity drops. In addition, the compaction 

pressure is not sufficient enough to conform each ply to the geometry of the adjacent ply. The 
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combination of increased tension within the bridged plies, and the reduced resin viscosity at 

high temperatures, which also decreases the interply friction between the ply and tool 

interfaces, induces the movement of plies and resulting formation of wrinkles. It was found 

that wrinkling with an amplitude larger than 1 mm only occurred after the autoclave 

consolidation for samples conditioned at 90% RH, as shown in Figure 5-8, which can be linked 

to the higher corner thickening ratio. Out of the twelve 90% RH corner samples, 33% showed 

a wrinkling amplitude of 1.5 mm and 25% an amplitude of 3 mm. In contrast, only 16% of the 

40% samples had a small wrinkling amplitude below 1 mm.  

Overall, it can be concluded that samples manufactured at higher humidity show a higher 

corner thickening ratio and wrinkling amplitude. Moreover, it can also be observed, that the 

variation of corner thickening ratios between the 40% RH and 90% RH increases during the 

curing process. The increase in corner thickening from the debulked state to the cured state is 

1.2% higher for 90% RH samples when compared to the 40% RH samples, which indicates a 

variation in the pressure distribution between the corner and sidewall due to a higher bulk factor 

and interply friction for 90% RH samples as well as the increasing occurrence of wrinkling. 

This pressure variation is investigated in Section 7, using the Tekscan pressure measurement 

system. 

 

Figure 5-11: Average corner thickening ratios for debulked and cured samples, manufactured at 40% 
and 90% RH 

5.1.5.2 Microscopy Analyses of Void Content 

Figure 5-12 a) and b) show representative examples of the microscopy images of the flat and 

corner samples after debulking and autoclave consolidation, for samples produced at 40% and 

90% RH. The average results of 12 flat and corner microscopy samples and the associated 
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measured porosity values are presented in Figure 5-13. The results show an increase in porosity 

in the corner samples produced at 90% RH after both processing steps, debulking and 

consolidation. 
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Figure 5-12: Representative microscopy image analysis of a) 40% RH samples b) 90% RH samples 
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Figure 5-13: Average void content for flat and corner samples manufactured at 40% RH and 90% RH 

Again, it can be concluded that humidity, already within the material during the debulking 

process, leads to defects in complex geometries. Air voids after the debulking step can act as 

nucleation sites for vapour voids within the autoclave cure cycle, when the resin pressure is not 

sufficient enough to keep the absorbed moisture in solution, enabling it to evaporate and diffuse 

into the air pockets. Although the flat specimens produced at 90% RH show higher porosity 

content after debulking, the porosity level decreases below 1% after the autoclave curing 

process, being similar to the 40% RH specimen porosity considering the standard deviations. 

The fact that porosity can be reduced within flat laminates provides additional evidence that a 

lack of compaction pressure in corners is one of the key driving factors for void formation in 

these regions. 

It can also be observed that with increasing geometric complexity and humidity, the standard 

deviation for the cured samples increased. One explanation is that voids are unpredictable in 

their location and cross sections might or might not always be taken from an area including 

voids. However, the average result taken from 12 corner sections demonstrates a clear effect 

of humidity on defect formation. Another explanation might be that prepreg layers conditioned 

at higher humidity levels lead to a higher variable layup quality due to changing material 

characteristics such as prepreg tack. Higher tack will make it more difficult for the laminator 

to form and adjust layers in corners, and therefore increase the chance of ply bridging. It can 

also be seen that ply bridging is mostly found between the 0° plies, with the fibre orientation 

running perpendicular to the corner area appearing white within the microscopy images. Both 

the higher ply bending stiffness and higher tack at 90% RH enhances the risk of inducing ply 

bridging during the layup process. 
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In order to relate the porosity values to the corner thickening ratios, both values are plotted 

against each other in Figure 5-14. It can be seen that higher porosity can be correlated to an 

increase in the corner thickening ratio. Furthermore, although the porosity level decreases 

within the cured samples the corner thickening increases which can be related to the prepreg 

mass flow at lower viscosity during the curing step, as proposed earlier. 

 
Figure 5-14: Comparison of average corner thickening ratio to average porosity level after the debulking 

and curing process for specimen parts produced at 40% and 90% RH 

 

5.2 Effect of Moisture during Processing on Mechanical Properties of Cured 

Laminates 

It was shown in Section 4 that a prepreg ply absorbs moisture from the surrounding air when 

it is exposed to the environment during processing and it will reach its maximum moisture 

content after 25 hours. Furthermore, it was shown that a fully saturated prepreg laminate could 

not be dried within the debulking process and more than 90% of the absorbed moisture will 

still be inside the material at the beginning of the curing step. The absorbed moisture might 

then degrade the degree of cure, resulting in a possible reduction in mechanical properties of 

the cured part. However, where most of the past research was focused on the effects of moisture 

after the laminate was cured within OOA or autoclave consolidation, the effect of the prepreg 

laminate moisture content prior to the curing step has rarely been discussed. Thus, the objective 

of this experimental program was to investigate the effect of absorbed moisture prior to 

autoclave consolidation on the mechanical properties of the final cured defect free laminate. 
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load compression (CLC) strength tests were chosen, as the absorbed moisture will mostly affect 

the resin properties [41,43]. In addition, DSC analyses were carried out to detect a possible 

reduction in glass transition temperature. 

5.2.1 Laminate and Specimen Manufacturing Process 

The same laminate manufacturing process was followed as explained in Section 5.1.1. Three 

flat laminates, consisting of 28 layers and a stacking sequence of [0/90/0/45/-45/0/45/-45/0/-

45/45/0/90/0]s, were produced under controlled environmental conditions at 40%, 60% and 

90% RH at a constant 21°C. Instead of producing multiple smaller laminates, one large flat 

prepreg laminate with the dimensions 900 x 400 x 5.7 mm was produced for each humidity 

level. Prior to the layup process, each prepreg ply was preconditioned for 25 hours within an 

environmental chamber, with the top (red) protection film removed. The laid up and debulked 

samples were then consolidated in the autoclave following the same predefined pressure and 

temperature profile as provided in Section 5.1.1 with a maximum pressure of 400 kPa and 

120°C curing temperature. After the curing and demoulding steps, ultrasound scans were 

performed on the panels to detect any possible void formation. 

To extract the required samples from the large panel, the outer edges were first trimmed by 30 

mm using a diamond grit coated table saw, as illustrated in Figure 5-15. Three cuts were made 

using the same saw to divide the laminate into six smaller panels, illustrated by the red lines.  

 
Figure 5-15: Illustration of the prepreg laminate showing the sample positions and dimensions (ILSS, 

CLC, DSC) and ply orientations (Dimensions in mm) 
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The quadratic panels at the edges were used for the CLC and ILSS samples, whereas the DSC 

samples were extracted along the centre line. The ends of the panels were chosen as the test 

area, as laminate variations such as voids are more likely to occur the panel centre, which could 

potentially affect the test results. 

As the CLC samples require high dimensional accuracy and precision in the surface finish, all 

CLC samples were cut utilising a CNC machine. The ILSS samples were cut using a water jet 

cutting machine as it guaranteed a higher precision than cutting the samples manually using 

the Beuhler® IsometTM 1000 precision section saw used in Section 5.1.1. It should be noted, 

that the short sample water exposure time of 4 minutes during the water jet cutting process is 

negligible in terms of the effect on the mechanical properties, since the very small amount of 

water molecules that could have diffused inside the free volume of the samples also diffused 

out of the samples in the 48 hours’ time span before testing [87,91]. Since the resin is already 

cured, no resin bonding sites are available as compared to an uncured resin, and therefore the 

mechanical properties will not be affected after the short water exposure time. As shown in 

Figure 5-15, the DSC samples were extracted along the panel’s centre line. Since the rough 

cut, using the table saw blade, might have induced heat that could potentially affect the resin 

properties, the samples were extracted 15 mm apart from the heat transferred zone using the 

water cooled Beuhler® IsometTM 1000 precision section saw. 

5.2.2 Ultrasound Scans and Defect Content 

Ultrasound scans were performed using the Omniscan SX Epoch600. The cured 40% and 90% 

panels shown in Figure 5-16 and Figure 5-17 were scanned with the same probes and 

equipment setup. The graphs of the ultrasound scan can be found in Appendix D. No major 

signs of increasing noise levels between all panels were observed. However, the 90% test panel 

had two areas with detectable porosity, as shown in Figure 5-17.  

Apart from the single void located at the panel edge, a cluster of five voids were found in the 

panel centre area. The combined sizes of the porosity clusters are noted in Table 5-2. The fact 

that void formation occurred within the centre of the panel, indicates that the debulking process 

was not sufficient enough to force the absorbed moisture in in-plane direction through the 

interconnected evacuation channels out of the laminate. As discussed in Section 4.2, the applied 

debulking pressure will close these channels and hinder the entrapped water molecules from 

flowing in the in-plane direction. Also, as mentioned in the research conducted by Hickey [22], 

no through thickness gas flow will occur in unidirectional prepreg systems. Thus, the absorbed 
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moisture is trapped within the centre of the panel, and therefore becomes a source of void 

formation.  

 
Figure 5-16: Tested cured 40% RH prepreg laminate 

 
Figure 5-17: Tested cured 90% RH prepreg laminate showing areas of porosity 

 

Table 5-2: Summary of void clusters found in 90% RH prepreg laminate 

Indication Reference Defect Type Description Defect Location 

I0001 Porosity 3.26 mm deep, 81 mm2 90% Test Panel 

I0002 Porosity 3.46 mm deep, 600 mm2 90% Test Panel 

 

5.2.3 Interlaminar Shear Strength 

Short beam strength tests were undertaken, in order to investigate the effect of relative humidity 

on the interlaminar shear strength of the cured samples. The test procedure prescribed in the 

ASTM D2344 standard was followed. As recommended in the test standard, the sample length 

was six times the sample thickness and the sample width two times the sample thickness. 

Having a sample thickness of 5.7 mm the sample geometry was set at 34.2 mm (length) x 11.4 

mm (width). The short beam test set-up, shown in Figure 5-18, was used within an Instron 5567 
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UTM with a 30 kN loadcell attached. The span width was adjusted to 22.8 mm, so that the 

sample overhang length at the supports is equal to the sample thickness.  

 
Figure 5-18: Short beam test set-up within an Instron universal testing machine 

The test speed was set to 1 mm/min in accordance with the test standard. The test stop 

conditions were set to either a load drop-off of 30%, or the head displacement exceeding the 

laminate thickness of 5.7 mm. Prior to each test the sample dimensions were measured using a 

digital calliper with an accuracy of 0.2 mm and entered into the test procedure. The sample was 

then placed and centred on the supports. After each test, the sample failure mode was evaluated. 

In accordance to the ASTM D2344 test standard, only samples that showed an interlaminar 

shear failure response were included in the short beam strength evaluation. 

5.2.3.1 Results and Discussion 

The flexural stress versus flexural strain plots of ten samples per humidity level (40%, 60% 

and 90% RH) are presented in Figure 5-19, Figure 5-20 and Figure 5-21. By comparing the 

shape of all curves, no significant difference can be identified. Only one 40% sample (A14) 

showed a significantly lower maximum flexural stress until the first crack initiates. Thus, this 

sample has been identified as an outlier, and was excluded from the evaluation. All other 

samples failed via interlaminar shear as described in the ASTM D2344 test standard. 
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Figure 5-19: Flexural stress versus strain of 40% RH samples 

 
Figure 5-20: Flexural stress versus strain of 60% RH samples 

 
Figure 5-21: Flexural stress versus strain of 90% RH samples 
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The average values of the short beam strength and maximum flexural load are presented in 

Figure 5-22 a) and b) respectively. The variation between the average values for each humidity 

are relatively small compared to the shown standard deviations. Thus, statistical analyses were 

undertaken in order to prove the significance of humidity on the experimental results. Although 

a slight increase in the average values for increasing humidity can be seen, ANOVA analysis 

of the short beam strength and the flexural load indicate that humidity had no significant impact 

with a p-value of 0.72 and 0.86 respectively. 

a) 

 

b) 

Figure 5-22: Short beam test results a) Short beam strength b) Maximum flexural load 

 

5.2.4 Combined Load Compression Tests 

Combined load compression tests were undertaken, in order to investigate the effect of relative 

humidity on the compression strength of the cured samples. The test procedure prescribed in 

the ASTM D6641 standard was followed. As recommended in the test standard, the sample 

had a standard width of 13 mm and length of 140 mm, and a nominal thickness of 5.7 mm. The 

combined load compression test was installed within an Instron 1185 UTM with a 100 kN 

loadcell attached. Seven samples were tested for each humidity level. After each test, the 

sample failure mode was evaluated in accordance with the D6641 standard. Figure 5-23 shows 

the CLC test fixture with a tested sample showing a typical broom failure. 
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Figure 5-23: CLC test fixture showing accepted broom failure of a tested sample 

5.2.4.1 Results and Discussion 

The average values of the combined loading compression strength tests, including the standard 

deviation error bars, are presented in Figure 5-24. It should be noted that all samples failed 

while exhibiting acceptable failure modes in correspondence to the D6641 test standard. The 

results show an increase in failure stress and failure load with increasing humidity. As the 

standard deviations are high, statistical analyses were undertaken to verify the significance of 

humidity on the experimental results. ANOVA analysis of the CLC tests results indicate that 

humidity has a statistically significant impact on the failure stress and load with a p-value of 

0.07 and 0.08 respectively. 

a) b) 

  
Figure 5-24: Combined load compression strength test results for samples conditioned at various 

humidity levels a) Maximum stress at failure b) Maximum load at failure 

The higher compression strength could be explained by the higher ductility of the samples. The 

average maximum compressive strain results for samples conditioned at 40%, 60% and 90% 
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moisture content. The higher ductility of the sample could be explained by a degradation in the 
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degree of cure due to absorbed water molecules during production, that interfere with the cross-

linking process during the curing process. 

 
Figure 5-25: Combined load compression test results showing the maximum strain at failure for samples 

conditioned at various humidity 

5.2.5 Glass Transition Temperature 

The glass transition temperature (Tg) of epoxy resins marks the temperature at which resins 

turn from a brittle to a more viscous, rubbery state that leads to a decrease in mechanical 

stiffness and hence establishes limits of the service environment for the final cured part. Typical 

Tg values of cured epoxy resins are within a range of 100 to 200°C, depending on the resin 

system used, but can strongly decrease when the resin is exposed to a humid environment. In 

a study conducted by Choi et al. [89], a reduction of 32.5°C for every 1.0% of absorbed mass 

of water was observed. Hence, it is recommended to choose a polymer with a Tg temperature 

50°C higher than the expected application temperature of the finished product [1]. 

To investigate the effect of humidity during production on the final cured glass transition 

temperature, six samples for each humidity level were taken along the panel length, as 

illustrated in Figure 5-15. Thus, the effect of the debulking process on the moisture content 

along the panel length could be investigated as well. Each sample had a mass of approximately 

20 mg ±5 mg, measured using a Mettler Toledo AE2 scale before placing the resin sample in a 

sealed packet. The sealed samples were weighed again and inserted into the calorimeter heating 

chamber of a Differential Scanning Calorimetry (DSC) analyser (DSC Q5000) together with a 

weighed empty packet acting as a comparative probe. The programmed dynamic heating mode 

started with a heat ramp of 10°C/min from -50°C to a maximum temperature of 230°C, and 

was followed by a subsequent cooling at a rate of 10°C/min. Liquid nitrogen was used 

throughout the test to avoid any resin degradation and to control the temperature precisely. 
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5.2.5.1 Results and Discussion 

The following results were obtained using the analysis software Universal Analysis 2000. The 

results of the glass transition temperature along the panel length for samples conditioned at 

40%, 60% and 90% RH are shown in Figure 5-26. It can be seen that no significant trend in 

the glass transition temperature can be identified along the panel length. The values for each 

humidity level are scattered around an average value independent of the sample´s location. The 

average values of the six samples per humidity level, including the standard deviations, are 

presented in Figure 5-27. The results demonstrate that with higher absorbed moisture the glass 

transition temperature of the laminate decreases. An almost linear decrease can be observed, 

having a reduction in Tg of 5°C for every 0.08%mass water absorbed during manufacturing. 

Thus, it can be concluded, that the bonded water molecules cannot be fully removed from the 

laminate within the autoclave curing process, and therefore interfere with the curing reaction 

ultimately leading to a reduction in performance of structures at higher temperatures. 

 
Figure 5-26: DSC results showing the Tg temperature along the panel length for various humidity levels 

 
Figure 5-27: DSC results showing average Tg temperatures for various humidity levels 
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5.3 Conclusion 

The results presented in this chapter clearly demonstrate that a higher part complexity increases 

the chance of the formation of defects such as voids, wrinkling and corner thickening, despite 

the high applied autoclave pressure. The evaluation of the defect content in corner regions after 

the debulking process has proven that defects can already be initiated during the layup process. 

Defects such as ply bridging and air voids are found in corners, which could not be suppressed 

by the applied vacuum pressure during the debulking step. 

Furthermore, the amount of absorbed moisture during manufacturing affects the laminate 

quality. It was shown that flat parts can be produced almost defect free, with a porosity level 

below 1%, regardless of the absorbed moisture content, which agrees with the statements found 

in the literature. However, the severity of the defect content in corner areas increases for parts 

produced at higher humidity levels. Moreover, a higher moisture content already increases the 

porosity level and ply bridging during the debulking step, which will influence the void and 

wrinkling formation within the autoclave curing step. 

A possible reason for the increased severity of induced ply bridging and air voids at higher 

humidity might be due to the higher adhesion “tackiness” of the plies experienced during layup. 

Plies conditioned at 40% RH could be removed after ply contact without destroying the ply’s 

integrity and could also be pushed into the corner area easier than the 90% RH samples. From 

the corner microscopy images it can also be concluded that the ply orientation can be linked to 

the formation of defects. Due to the higher ply stiffness in the direction of the reinforcing fibres, 

plies having a fibre orientation perpendicular to the corner radius are more likely to induce ply 

bridging. 

In addition to this, the results of the mechanical tests detailed in Section 5.2 have demonstrated 

that absorbed moisture during manufacturing has a relatively small effect on the mechanical 

properties of the cured part. Where no significant effect of humidity on the interply shear 

strength could be detected, a minor increase in the combined load compression strength was 

noted. Due to the moisture absorbed during layup, a moderate reduction in glass transition 

temperature for increasing environmental humidity was measured. Depending on application 

area (e.g. marine, automotive, aerospace), this could impact the performance of structures at 

elevated temperatures. 
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Effect of Absorbed Moisture on 
Uncured Prepreg Characteristics 
 

 

The effect of absorbed moisture on the defect formation in complex geometries during 

autoclave and OOA processing is still not yet fully understood. In the published literature, some 

studies have investigated the effect of absorbed moisture on void formation during processing 

of simple part geometries but have neglected the effect of part complexity and the effect of 

relative humidity during manufacturing on the consolidation quality during the layup and 

debulking step. The results in the previous chapter clearly demonstrated that exposure of 

prepreg materials to humidity during processing affects the formation of defects in corner 

regions. Thus, the effect of absorbed moisture on the uncured prepreg characteristics that 

influence layup and consolidation quality during OOA and autoclave processing needs to be 

investigated. Based on the literature review presented in Chapter 2 several material parameters 

have been identified that influence the consolidation behaviour in curved shaped parts; (Resin 

Viscosity, Tack, Bending Characteristics, Interply Friction, Compaction Behaviour and Resin 

Cure Characteristics). The experiments presented in this chapter have been conducted in order 

to characterise uncured prepreg material exposed to 40%, 60% and 90% RH for 24 hours at a 

constant 21°C. Additionally, the effect of elevated temperatures on the prepreg characteristics 

has been investigated within the following experiments. In addition, model parameters are 

derived from the experiments that will be implemented in a prepreg laminate consolidation 

model which will be further discussed in Chapter 8. 
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6.1 Resin Viscosity 

6.1.1 Experimental Setup 

As has been shown in the literature, the resin viscosity is one of the most important parameters 

that affects prepreg consolidation behaviour during processing. Thus, viscosity measurements 

on neat resin samples were conducted using 25 mm aluminium parallel plates mounted in a 

shear rheometer (Paar Physica UDS200) within a temperature range between 21°C to 90°C. 

Following the test procedure proposed in Hargis et al. [115], all samples were tested under a 

constant oscillatory mode at a frequency of 1 Hz using the auto-strain feature of the testing 

machine. A temperature ramp starting at 21°C was used with a heating rate of 10°C/min. 

The pure resin samples were obtained by scratching off material from the uncured prepreg 

surface resin film using razorblades. Initial resin extraction experiments showed that at higher 

temperatures the amount of resin that can be extracted from the same surface area increased 

due to the lower resin viscosity. However, to avoid any initial crosslinking during the sample 

extraction, the resin was scratched off at 21°C. Four neat resin samples of approximately 1 g 

each per humidity level were conditioned at 40%, 60% and 90% RH. An area of approximately 

1 m2 of a 300gsm prepreg was needed to extract 1 g of neat resin. The conditioned samples 

were compressed between the two parallel plates of the rheometer until a gap/sample thickness 

of 1 mm was reached. Excess resin was removed from the plate edges to prevent boundary 

effects, and the test stopping condition was set to a sample temperature of 90°C 

a) 

 

b) 

 

Figure 6-1: a) Scratching off sample resin with a razor blade b) Illustration of shear rheometer with 
parallel plates 

6.1.2 Results and Discussion 

The effect of absorbed moisture on the resin viscosity of uncured neat resin samples is shown 

in Figure 6-2. The plots represent the average of four samples for each humidity level, including 

the related standard deviations. Samples conditioned at higher humidity show a decrease in the 
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resin viscosity over the whole temperature range between 21°C and 80°C. This phenomenon 

can be explained by the plasticization of the epoxy resin due to the intermolecular reaction 

between the hydrogen within water molecules, and open sites within the polymer chains within 

the uncured epoxy.[139]. The initial steep drop in viscosity between 21°C and 35°C is inherent 

with the resin system used. However, a difference of 2500 Pa.s was measured at 21°C between 

the 40% and 90% RH conditioned samples. As the testing temperature increases the effect of 

humidity on resin viscosity decreases. However, the difference in resin viscosity at the 

debulking temperature is an important factor influencing the consolidation quality in sharp 

corners of a prepreg laminate. Since most of the prepreg consolidation characteristics (e.g. tack, 

interply friction, bending stiffness, compaction behaviour) are dependent on the resin viscosity, 

it can be assumed that the consolidation quality will be influenced by the amount of absorbed 

moisture. For example, a decrease in resin viscosity might be directly linked to a higher 

compressibillity of a prepreg layup due to a possible higher prepreg ply shear and resin 

percolation flow during compaction. 

 
Figure 6-2: Resin viscosity as a function of temperature for samples conditioned at 40%, 60% and 90% 

RH 
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6.2 Tack and Adhesion 

6.2.1 Experimental Setup 

Instead of using a standard resin probe test that neglects the prepreg topography [104], the 

effect of humidity and relative ply orientation on prepreg adhesion during the layup process 

was investigated by utilizing a standard 90° peel-off test (ASTM D6862 – 11) with a chosen 

pulling speed of 100 mm/min. As illustrated in Figure 6-3, the peel force rig was used within 

an Instron 5567 machine using a 1 kN load cell. The bottom prepreg layer was fixed to the 

ground metal plate, using doubled sided tape, with varying prepreg ply orientations of 0°, 45° 

and 90°. 0° plies were used for the layer which is peeled off for each experiment as illustrated 

in Figure 6-3. In order to decrease the influence of the prepreg bending stiffness on the prepreg 

adhesion measurements a 150 gsm prepreg was used in this experiment instead of the 300 gsm 

material. A ruler that reached from the clamping fixture to the bottom of the flat plate was used 

to properly align the pulled sample. Tests were conducted at a constant 21°C with samples 

conditioned at 40%, 60% and 90% RH for 25 hours. To simulate the adhesion force during 

layup the prepreg layers were bonded together using a metal roller with an application force of 

25 N. As shown in the work done by Dubois et al. [104] an increase in bonding time leads to a 

higher peel force. Thus, the metal roller was rolled over the laminate three times with a speed 

of approximately 10 mm per second to ensure a consistent bonding time between all samples. 

The peel tests were then carried out 2 minutes after the plies were bonded together. 

a) 

 

b) 

 
Figure 6-3: a) Ply application with metal roller b) 90° Standard peel off test setup and indicating fibre 

orientation 

6.2.2 Results and Discussion 

Figure 6-4 illustrates representative peel force plots, measured between a 0°/ 0° fibre 

orientation, obtained from three samples conditioned at 90% RH. All curves show a rapid 
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increase in peel force leading to an initial peak stress, the peel force then dropping to a more 

or less constant value. The fluctuations seen in the graphs after the stick slip point can be 

explained by the prepreg sample surface roughness and variation in resin distribution along the 

sample area. Thus, as suggested by the ASTM D6862 – 11 standard test, the first 25 mm are 

not considered in the peel force calculation. For all tests, the average value was calculated 

between the 25 mm and 110 mm steady state peel distance test length. 

 
Figure 6-4: Representative peel test results of a 90% RH samples with 0° fibre orientation, showing the 

steady state peel distance 

Figure 6-5 to Figure 6-7 show representative peel plots for each humidity level. Figure 6-5 

shows the results for a sample fibre orientation of 0°, whereas Figure 6-6 and Figure 6-7 show 

the peel force development of the 45° and 90° fibre orientation respectively. The plots in all 

figures show a similar behaviour with the steep linear increase in peel force until a peak force 

value is reached. It can be noted that in all diagrams a higher peak force and steady state peel 

force is reached for samples that have been conditioned at higher humidity. Additionally, the 

fluctuations within the steady state peel regime increase from 0° over 45° to the biggest 

fluctuations seen for samples having a 90° fibre orientation. A reason for the increase in the 

scattering of the peel force values could be fibre pulling. A fibre orientation in °0 direction, 

decreases the amount of fibres in contact with the pulled sample. Thus, a higher force is acting 

on a single fibre that is only supported by the double-sided tape attached to the steel plate. 

Especially for 90° fibres that are only supported over the sample width, the fibres could be 

pulled up within the elastic behaviour of the tape which may explain the higher force 

fluctuations. 
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Figure 6-5: Average peel test results for samples conditioned at 40%, 60% and 90% RH and 0° fibre 

orientation 

 
Figure 6-6: Average peel test results for samples conditioned at 40%, 60% and 90% RH and 45° fibre 

orientation 

 
Figure 6-7: Average peel test results for samples conditioned at 40%, 60% and 90% RH and 90° fibre 

orientation 
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The results presented in Figure 6-8 show the average steady state values and dependency of 

the adhesion force on the relative fibre direction, as well as a steady increase of adhesion force 

for higher humidity levels. The steady increase in the adhesion force for higher humidity can 

be explained by the increase in hydrogen bonding and due to the plasticization of the resin 

which goes in hand with a reduction in the resin stiffness. By applying load on the resin 

interface, a reduced stiffness allows the resin to penetrate more easily into the cavities and 

pores between the two bonded prepreg plies and thereby enhances the contact area. A greater 

contact area increases not only mechanical interlocking but also the available area for hydrogen 

bonding and potential crosslinking [140]. 

 
Figure 6-8: Average steady state peel force values for different RH and fibre orientations 

Considering the standard deviations for each batch of samples the influence of the fibre 

orientations on the adhesion are relatively small compared to the influence of humidity. It can 

be assumed that for the low sample bonding forces applied, only the resin layer of both prepreg 

material is in contact so that the fibre orientation can be neglected and the variation in the 

adhesion force results through the test setup. Further tests would be needed to more clearly 

identify the effect of the fibre orientation on the bonding force. 

The steady-state peel force values represent the adhesion during application of a constant peel 

force such as is present during automated tape laying processes. However, the initial peak force 

value is of great importance when considering the hand layup process. If incorrectly laid up 

plies have to be readjusted, the considerable higher peek forces, as shown in Figure 6-9, 

compared to the steady state adhesion force, can damage the ply integrity at the initiation of 

ply separation. Thus, the higher peak adhesion force decreases the layup quality as 

demonstrated in the study conducted by Bloom et al. [97] and Banks et al. [98]. They concluded 

4.42
4.75 4.915.07 5.25

5.49
5.14

5.62
5.89

0

1

2

3

4

5

6

7

S
te

ad
y 

S
ta

te
 P

ee
l F

or
ce

 (
N

)

Fibre Orientation

40% RH

60% RH

90% RH

0° 45° 90°



 

97 
 

that too high tack can increase the risk of induced defects due to incorrect laid up plies that 

cannot be separated after contact. This statement also correlates with the author’s experience 

during the layup of the 40% and 90% RH conditioned samples, as explained in the previous 

experiments (Chapter 0). 

 
Figure 6-9: Average peak peel force values for different RH and fibre orientations 

 

6.3 Bending Stiffness 

6.3.1 Experimental Setup 

The effect of relative humidity and temperature on the bending characteristics of uncured 

prepreg lamina was investigated utilising a dynamic mechanical analyser (Q800 DMA TA 

Instruments). To measure the effect of absorbed moisture and temperature on the flexural stress 

and the bending moment, static tests were conducted using a standard 20 mm three-point 

bending test fixture following the ASTM D790 -17 test standard. Samples were cut to a size of 

25 x 12.7 mm and a displacement rate of 0.5 mm per minute was programmed with a test stop 

condition set to a maximum displacement of 5 mm, equivalent to 2.3% strain. 

The experiments on prepreg tack presented in Section 6.2 have shown that humidity influences 

the tack of the uncured resin of the prepreg samples. A change in tack will influence the friction 

between the sample and the fixture supports and therefore affect the test results for large 

displacements. To avoid the influence of the variation in friction between the samples and the 

fixture, only the middle and outer parts of the bottom prepreg protection film was removed, so 
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that the remaining film covers the contact area between the sample and the fixture, as illustrated 

in Figure 6-10. 

a) 

 

b) 

 

Figure 6-10: a) Static three-point bending test showing a sample with 0° fibre orientation b) Schematic of 
a sample with protection film between the prepreg surface and support 

Due to the viscoelastic nature of the uncured prepreg material, a non-linear bending behaviour 

of the uncured prepreg is expected. Thus, the extraction of the tangent or chord modulus from 

static three-point bending tests, as explained in the ASTM D790 -17 standard, is inaccurate 

since no linear regime can be attributed to the load-displacement curves obtained from the 

experiments. Hence, additional isothermal, dynamic frequency sweep tests were carried out, to 

measure the storage modulus (E`) and loss modulus (E``) of specimens exposed to an 

oscillation strain amplitude. Where the storage modulus (E`) describes the stiffness and stored 

energy of the elastic material, the loss modulus (E``) describes the dissipating energy in the 

form of heat during the frequency sweeps. 

According to the results presented in Melo [141], the storage modulus is independent of the 

frequency applied. Thus, the frequency selected was 1 Hz as it is a typical value chosen in 

literature, using a dual cantilever fixture with a clamp width of 35 mm, as shown in Figure 6-11 

[141,142]. A maximum strain of 1% was chosen as it is still within the limits where induces 

shear forces at the clamps can be neglected. 

Considering the drop in resin viscosity at tests conducted at higher temperatures and the 

possibility of the sample slipping between the clamps of the fixture, as reported by Margossian 

[117], each bolt of the fixture was tightened with a torque of 1.4 Nm to ensure no specimen 

slippage occurs during the test. The sample dimensions for the dynamic test were 40 mm x 

12.7 mm. Variation in sample width and length for both, static and dynamic test, have been 

found to be ±0.8 mm due to the inaccuracy of manual cutting. The exact sample dimensions 
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were measured with a calliper with an accuracy of 0.2 mm and entered in the DMA software 

to automatically calculate the stiffness of the sample. 

a) 

 

b) 

Figure 6-11: a) Dynamic dual cantilever frequency test setup showing a sample with 0° fibre orientation 
b) Schematic of the clamped prepreg sample 

Both tests, static and dynamic, were conducted at isothermal temperatures between 20°C and 

80°C. Since the bending stiffness is affected by the resin viscosity, especially within the 

temperature range of 20°C to 50°C, tests were conducted at 20, 30, 40, 50 and 80°C. Liquid 

nitrogen was used to control the test temperature ±0.3°C accurately and to avoid resin 

degradation. An isothermal hold of 2 minutes was programmed to acclimate the specimen and 

to ensure a homogenous temperature distribution within the sample prior to testing. 

Attempts were made to measure the bending stiffness of samples with 90° fibre orientation. 

However, the bending stiffness was too low to be measured by the DMA. Thus, only samples 

with a 0° fibre direction were tested within this experiment. 

6.3.2 Results and Discussion 

Static Three-Point-Bending Tests 

Representative flexural stress versus strain curves, obtained from static three-point bending 

tests, of the uncured prepreg samples conditioned at 40, 60 and 90% RH, can be found in Figure 

6-12 - Figure 6-14 respectively. Furthermore, each diagram shows the dependency of the 

flexural stress on temperature between 20 and 80°C. All curves show similar, non-linear 

behaviour, with an increase in flexural stress at higher strains, until maximum stress is reached 

at about 1.5% strain. It can be observed that higher temperatures and the associated decrease 

in resin viscosity lead to a reduction in flexural stress. Additionally, the reduction in resin 

viscosity, due to absorbed moisture, decreases the overall flexural stress even further. 
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Figure 6-12: Stress vs. strain plots of samples conditioned at 40% RH and tested at various temperatures 

 
Figure 6-13: Stress vs. strain plots of samples conditioned at 60% RH and tested at various temperatures 

 
Figure 6-14:Stress vs. strain plots of samples conditioned at 90% RH and tested at various temperatures 
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The average maximum flexural stress values and bending moments of four samples, with the 

associated standard deviations, are shown in Figure 6-15 and Figure 6-16. Again, a clear 

reduction in stress and bending moment for samples conditioned at higher humidity can be 

seen. Showing a more than 50% decrease in flexural stress and bending moment for 90% RH 

samples, compared to samples conditioned at 40% RH, tested at 20°C. The higher the 

temperature the effect of absorbed moisture on the flexural stress reduces due to the low resin 

viscosity at higher temperatures. 

 
Figure 6-15: Flexural stress of prepreg samples with 0° fibre orientation, depending on RH and 

temperature 

 

 
Figure 6-16: Bending moment of samples with 0° fibre orientation, depending on RH and temperature 
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Dynamic Frequency Tests (Dual Cantilever Beam) 

A typical result of the measured storage and loss modulus obtained from the frequency sweep 

test of an uncured 0° fibre orientation prepreg sample, conditioned at 40% RH, is shown in 

Figure 6-17. It can be seen that due to the relaxation behaviour, both moduli exhibit an almost 

linear decrease with each frequency sweep applied. However, the ratio between both moduli, 

which can also be expressed as the damping behaviour (tan δ = E’’/E’), shows a slight increase. 

Since all samples showed the same linear decrease in both moduli, the average over the eight 

frequency steps was calculated in order to compare the results from the samples tested at 

various temperatures and the three different humidity levels.  

 
Figure 6-17: Storage and loss modulus obtained from dynamic frequency test, of a 0° fibre orientation 

uncured prepreg sample, conditioned at 40% RH 

The average results of the storage and loss modulus from four samples per humidity level, 

tested for each isothermal test temperature, is shown in Figure 6-18 and Figure 6-19, 

respectively. Similar to the static test results, both moduli strongly decrease between 20°C to 

50°C due to the drop in resin viscosity, showing the resin dominated bending characteristics of 

the uncured prepreg samples. Furthermore, the effect of humidity follows the same trend as 

seen within the static tests, indicating a reduced modulus for higher humidity due to the reduced 

resin viscosity. 
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Figure 6-18: Storage modulus of samples with 0° fibre orientation, depending on RH and temperature 

 

 
Figure 6-19: Loss modulus of samples with 0° fibre orientation, depending on RH and temperature 

 

6.4 Interply Friction 

As suggested by several authors, interply shear behaviour of pre-stacked thermoset prepregs is 

one parameter that influences the consolidation quality in corner regions [37,122,123]. As 

proposed in the analytical model by Levy [67], the ability of the plies to shear during forming 

affects corner thickening and the pressure distribution in corners, and is thereby dependent on 

the shear resistance between the plies. It has already been shown in the ply adhesion 

measurements, presented in Section 6.2 that humidity influences the peel force, suggesting that 
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plies from forming properly to the mould or adjacent ply geometry if the applied vacuum or 

autoclave pressure is not sufficient enough to overcome the interply friction and induce ply 

slippage. This experiment investigates the effect of absorbed moisture on the interply shear 

resistance between prepreg plies and the mould surface, during the debulking and autoclave 

curing steps. 

6.4.1 Experimental Setup 

The schematic side view of the interply friction test apparatus used in this experiment is shown 

in Figure 6-20. The McGill University in-house developed test rig consists of two steel blocks 

with holes for insertion of heating cartridges, two adjacent insulation blocks and two 

connecting steal platens on which the outer prepreg samples were clamped. The entire testing 

setup is fixed to a T-slotted frame which is mounted to the bottom of an MTS universal testing 

machine. The sample clamping fixture for the vertical sample movement is mounted to the 

upper crosshead of the MTS with a 5 kN loadcell attached. 

1

2

3

5

6

7

8

9

10

4

I II

x

y
z

 

Figure 6-20: Schematic of the interply friction test setup 1. Upper Instron crosshead 2. Prepreg sample 3. 
Outer prepreg samples 4. Clamping plates 5. Heated steal block 6. Insulation 7. Loadcell for pneumatic 

cylinder 8. Steal block 9. Holes for cartridges 10. Holes for thermocouples 
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The sample clamping force is applied by the x-direction movable block (II), which is attached 

to a pneumatic cylinder connected to a load cell, to precisely measure the normal force applied 

on the sample. The vertical pulling force at two sample clamping forces was measured, 

representing the debulking and autoclave consolidation pressures. 

Considering the constant sample clamping contact area of 25 mm x 100 mm during testing a 

force of 250 N was applied simulating the debulking pressure at 100 kPa. A clamping force of 

1000 N would be needed to simulate a 400 kPa autoclave consolidation pressure. To avoid 

distortion of the friction test rig frame at high clamping forces it was decided to reduce the 

sample width to 15 mm x 100 mm, and therefore a normal force of 500 N was applied. After 

the outer samples were fixed and the clamping force applied, the middle sample was pulled 

vertically, and the pulling force was measured. A perfect parallel alignment of the pulled 

sample to the outer clamped sample is important in order to decrease variations in the pulling 

force. The alignment was assured by clamping the sample parallel to the edges of the clamping 

block of the upper crosshead. Before the sample was fixed, the distance between the edges of 

the pulled sample to the edges of the heated blocks was measured to ensure the sample was 

aligned properly. 

Previous research has shown that the pulling speed influences the friction force [124,126,129]. 

Given a constant applied normal force, the measured friction force increases with increasing 

sliding velocity. Since the relative ply movement and speed during autoclave consolidation is 

relatively small, when compared to a laminate forming process (e.g. matched die forming, 

drape forming, AFP), this experiment is focused on the interply friction at small displacement 

rates. Thus, a pulling speed of 1 mm/min was chosen. Tests were conducted at constant 

temperatures of 21°C, 50°C and 80°C, with samples preconditioned at 40%, 60% and 90% RH 

for 25 hours at 21°C. Three thermocouples where inserted within each heated plate to control 

the sample temperature during testing. A closed loop temperature control system with a PID 

controller was used to regulate the six cartridge heaters based on the signal given from the 

thermocouples with an accuracy of ± 4 °C. 

The friction between a 0°/0° and a 0°/90° prepreg fibre orientation interface was investigated 

by changing the fibre orientation of the outer clamped samples, whereas 0° plies were used for 

the pulled sample. Due to the low structural integrity of a 90° ply subjected to a force acting 

perpendicular to the fibre orientation, a 90° ply was stacked on a 0° ply and clamped together 



 

106 
 

on the outer plates, to measure the friction at a 0°/90° interface. Additionally, the friction 

between prepreg and the Teflon film coated mould surface was investigated. 

From the obtained load and displacement curves of the MTS universal testing machine, the 

Coulomb friction coefficient µ was calculated using: 

𝜇 =
𝐹

𝑁
 (29) 

where N is the applied normal force and F the measured pulling force. It is assumed that the 

friction is predominantly governed by the normal load, and that no fluid separation exists 

between the interfaces [124]. 

6.4.2 Results and Discussion 

Figure 6-21 displays representative stress/strain plots obtained from the interply friction test 

conducted at 21°C, 50°C and 80°C with an applied normal force of 250 N. The plots show a 

similar behaviour for each temperature, characterized by an initial steep slope related to the 

initial shear behaviour between interfaces at small strains, followed by a shallower slope with 

a steady load increase at higher displacements. However, typical Coulomb friction curves 

should exhibit a stick-slip peak, representing the transition from static friction behaviour to 

dynamic friction, at which the interfaces start to move relative to each other. This is normally 

accompanied by a decrease in pulling force. The post hardening phenomenon seen in Figure 

6-21 was also observed by Larberg et al. [124] and Erland et al. [143]. One possible explanation 

given by Larberg et al. [124] is that during the relative ply movement the prepreg surface resin, 

that acts as a lubrication film between the fibres, will be carried away. In turn, more and more 

dry fibre contacts will occur, with possible fibre intermingling increasing friction. Also, by 

moving both rough interfaces relative to each other a constant increase in contact between the 

surface peaks will occur, leading to higher resistant to shear. 



 

107 
 

 
Figure 6-21: Typical shear force curves from interlaminar shear tests tested at 21°C, 50°C, 80°C 

To prove the reliability of the test setup, additional tests were conducted measuring the interply 

friction of PTFE film with a known friction coefficient. The interply friction at a clamping 

force of 250 N and 500 N was measured with resulting friction coefficients of 0.055 and 0.052 

determined respectively. These values are within the range of typical PTFE friction values 

found in the literature [143,144]. In addition, no post hardening occurred for PTFE samples as 

illustrated in Figure 6-22. Thus, the hardening phenomenon can be attributed to the prepreg 

material behaviour and not to the experimental setup. 

 

Figure 6-22: Average shear force curves of PTFE samples at 250N and 500N normal pressure, showing 
stick slip points 
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In order to extract the correct shear force value F to be used in Equation (29), for plots not 

showing the typical stick slip point, two asymptotes (T1, T2) of best fit were added onto the two 

linear regimes of the graph, as demonstrated in Figure 6-21. The crossing point of both 

asymptotes marks the shear force value used to calculate the interply friction value. The plots 

in Figure 6-23 to Figure 6-27 represent the average values of four specimens per sample. 

Despite showing the standard deviation for a small sample number, in this case, the error bars 

show the maximum and minimum values obtained from the experiments as they provide a 

better demonstration of the variation in the measured values within the experiments. 

The influence of humidity and temperature on the interply friction between the Teflon and 

prepreg interface, tested at a normal force of 250 N, is illustrated in Figure 6-23. It can be 

observed that for tests conducted at 21°C the friction coefficient drops for samples conditioned 

at higher humidity. This can be attributed to the drop in resin viscosity, as indicated by the resin 

viscosity plots obtained in Section 6.1. The hydrophobic (water-repellent) characteristics of 

Teflon may also contribute to the reduction of friction force by decreasing the surface energy 

due to an increase in absorbed moisture. A significant decrease in friction can be observed for 

tests run at 50°C and 80°C, which is associated to the strong decrease in resin viscosity within 

the resin lubrication film between the interfaces. Owing to the low resin viscosity at higher 

temperatures, the effect of absorbed moisture is almost indistinguishable considering the 

measurement accuracy, which is indicated by the presented error bars. 

 

Figure 6-23: Influence of humidity and temperature on interply friction between prepreg and Teflon 
interface with a 250N normal force 

0

1000

2000

3000

4000

5000

6000

7000

8000

0

0.05
0.1

0.15

0.2

0.25

0.3
0.35

0.4

0.45

0.5

0.55

0.6

10 20 30 40 50 60 70 80 90

R
es

in
 V

is
co

si
ty

 
(P

a 
s)

F
ric

tio
n 

C
oe

ffi
ci

en
t

Temperature (°C)

40 RH 250N

60 RH 250N

90 RH 250N

40 RH 250N

60 RH 250N

90 RH 250N

40 RH 250N

60 RH 250N



 

109 
 

In contrast, as shown in Figure 6-24, an increase in the friction coefficient for samples 

conditioned at higher humidity was measured at 21°C between two prepreg layers, both having 

a 0° fibre orientation. Analogous to the adhesion force experiments, this phenomenon can be 

explained by the increase in contact area, due to the lower resin viscosity and the resultant 

higher mechanical interlocking and chemical bonding forces. 

 
Figure 6-24: Influence of humidity and temperature on interply friction between a 0° fibre orientation 

prepreg/ prepreg interface at 250N normal force 

As can be seen in Figure 6-25 and Figure 6-26 all results for the experiments using a clamping 

force of 500 N show a similar trend. However, an overall decrease in friction was measured for 

higher pressures. In accordance to previous studies in literature the friction coefficient 

decreases with increasing normal pressure until a stable value is reached [125,126,129]. A 

possible explanation is given by Larberg et al. [124], stating that the higher pressure reduces 

the initial prepreg surface roughness resulting in a reduction in friction until the compaction 

limit is reached. In addition, a slight increase in friction can be seen for samples tested at 80°C 

as compared to 50°C, although the resin viscosity is decreasing with temperature. This 

observation was also made by Larberg et al. [124] suggesting a lack of load bearing capacity 

of the matrix at very low viscosities and fibre entanglement. 
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Figure 6-25: Influence of humidity and temperature on interply friction between prepreg and Teflon 

interface at 500N normal force 

 
Figure 6-26: Influence of humidity and temperature on interply friction between a 0° fibre orientation 

prepreg/ prepreg interface at 500N normal force 

Figure 6-27 shows the effect of fibre orientation on the friction coefficient tested at 21°C with 

a normal force of 250 N. For all 90° samples a consistently lower friction value was measured 

as compared to 0° samples. Nevertheless, a steady increase in the friction coefficient is visible 

for samples conditioned at higher humidity. 
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Figure 6-27: : Influence of humidity and temperature on interply friction between a 0°/90° fibre 

orientation prepreg/ prepreg interface at 250N normal force 

 

6.5 Compaction Behaviour 

6.5.1 Experimental Setup 
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compression, between two parallel stainless-steel plates, using a load-controlled ramp-dwell 

program at various temperatures (21°C to 80°C). The compaction test fixture, shown in Figure 

6-28, was installed in an environmental chamber within an Instron 4465 universal testing 

machine, where the air temperature in the oven is controlled using thermocouple measurements 
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Figure 6-28: Sample configurations and compaction test setup: 1. Heat barrier 2. Oven wall 3. 
Thermocouples 4. CP/BP Samples [145] 5. Alignment tool 6. Centring ring 7. Instron base 

Preliminary tests were conducted to evaluate the time needed to reach the target test 

temperature within the core of the sample prior to compaction. Two thermocouples were placed 

within the centre of a sample laminate and the time was measured until the sample core reached 

the required temperature. Measurements have shown that a 30 seconds dwell time was enough 

to reach the testing temperature within the sample. During these tests a discrepancy of 5°C 

between the oven air temperature and the sample core temperature was measured at each testing 

temperature. Thus, the oven temperature was adjusted by increasing the oven air temperature 

until the sample core temperature reached the intended test temperature. Due to the relatively 

high thermal mass of the compaction plates a constant temperature could be achieved during 

each compaction test. A highest variation in test temperature of ± 2°C between the samples 

was measured during testing at 80°C. 

To account for deformations of the entire test setup during the compaction test, compliance 

tests at each testing temperature were conducted prior to the actual sample compaction tests. 

The compaction program starts with an initial load of 60 N followed by a 240 seconds dwell 
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time. The load was then increased in 60 N steps with an additional 240 seconds dwell time after 

each load step, until reaching 360 N. This force corresponded to an autoclave consolidation 

pressure 400 kPa. The load applied to the specimen was measured by the load cell, and the 

displacement of the plates was monitored using the Instron universal testing machine. 

Two different sample configurations were characterised as demonstrated in Figure 6-28. 

“Cross-plied” specimens were stacked with alternating fibre orientations of 0° and 90°, 

whereas “blocked-plied” samples were stacked with four blocks of plies consisting of the same 

fibre direction to explore the effects of stacking sequences during compaction. Before stacking, 

the thickness of each conditioned prepreg layer was measured, in order to investigate the effect 

of absorbed moisture on possible resin swelling. Such swelling will increase the initial sample 

thickness prior to compaction and thus the overall compaction behaviour. 

The ply thickness was measured using a digital thickness gauge meter with an accuracy of 1 

µm. Due to the variation in resin distribution as well as the measurement sensitivity on the 

applied pressure, considering the change in resin viscosity for samples conditioned at different 

RH levels, results will be inaccurate when conduction the measurements on a small sample 

area directly on the prepreg surface. To overcome this issue, each prepreg ply was placed 

between two Aluminium sheets, having the same dimensions as the prepreg samples and with 

a known thickness of 3 mm. Therefore, the clamping force of the thickness gauge was equally 

distributed over the whole sample area and the average sample thickness was measured. A 

possible variation in the measurement clamping force was also reduced, using the integrated 

ratchet of the measurement gauge and since the pressure is distributed over a greater area.  

Each specimen consisted of 16 single 300gsm prepreg plies (50 mm x 30 mm), which resulted 

in a theoretical total specimen thickness of 4.8 mm, having a ply thickness of 0.3 mm. 

The specimen edges were left unconstrained so the material could flow in the transverse 

direction (squeezing) during compaction. During the specimen layup debulking was applied 

for 10 min after every fourth laid-up ply using a vacuum pressure of 2 kPa. A plastic film was 

placed between the gaps created by the overhanging plies to prevent the plies from sticking 

together as seen in Figure 6-29 b. The plastic film was later removed before the compaction 

test. 
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a) 

 

b) 

 
Figure 6-29: a) Prepreg layers conditioned in an environmental chamber b) Stacked CP sample with film 

between gaps  

After testing, all compacted samples were cured without any applied vacuum or external 

autoclave pressure. The samples were cured in an oven (Elecfurn FAC) with a very slow 

temperature ramp of 2°C per hour, to prevent any resin flow and preserve the internal laminate 

structure. Therefore, microscopy samples could be produced to investigate the flow behaviour 

during compaction of samples conditioned at various humidity levels. 

6.5.2 Results and Discussion 

Initial ply thickness measurements showed that the absorbed moisture had no effect on the ply 

thickness. All plies had a thickness of 0.31 mm ±0.01 mm. Additionally, the initial thickness 

of the debulked stacks were measured, and resulted in a total of 4.75 mm ±0.02 mm regardless 

of the exposed humidity level. Thus, the effect of relative humidity on the initial sample 

thickness prior to compaction could be neglected. 

The results for the compaction test of cross-plied samples, conditioned at various humidity 

levels and compacted at three different temperatures, are shown in Figure 6-30. Each line 

shows an average value from four samples. All samples were compacted at isothermal 

conditions of 20°C, 50°C and 80°C. The results clearly show that with a higher temperature, 

and the associated decrease of viscosity, higher levels of compaction could be achieved. The 

large gap between the 21°C and 50°C tests can be explained by the relatively large initial drop 

in resin viscosity between these temperatures (see Figure 6-30).  
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Figure 6-30: Results of compaction test for Cross Plied (CP) samples 

Similar results were obtained for the blocked ply samples, shown in Figure 6-31. As was also 

observed by Nixon et al. [131], blocked ply samples show an overall higher degree of 

compaction, which can be explained by the higher squeezing deformation of the unidirectional 

stack of plies within the sample. Stacks of plies all having the same fibre orientation exhibit 

less resistance to shear flow, and the effective prepreg material viscosity is predominantly 

dependant on the resin viscosity. Conversely, in a cross-plied arrangement, the compaction 

load is better supported by the fibre bed, which results in a higher effective material viscosity 

behaviour. 

 
Figure 6-31: Results of compaction tests for Blocked Plied (BP) samples 

Samples compacted at 50°C show a clear pattern in which the single load and dwell segments 

of the compaction response curve can easily be distinguished. In contrast, the ramp-dwell steps 

for samples compacted at 80°C only show at an initial step, and then merge into a more or less 

continuous compaction curve. This phenomenon can be explained by the fact that within the 
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initial 350 seconds of compaction most of the resin squeezes out because of the low resin 

viscosity at higher temperatures. The loss of resin within the fibre bed increases the fibre-fibre 

contact between the layers. As the compaction force increases the elastic fibre bed compaction 

response is predominant and thus each subsequent compaction cycle directly merges into the 

next compaction cycle. In contrast, the compaction curves at 20°C show a primarily elastic 

sample deformation as the resin viscosity is high and no resin bleeds out of the fibre bed. 

Additionally, a clear effect of the humidity can also be observed, where samples conditioned 

at higher humidity show a higher compaction rate. The influence of humidity is visible for all 

temperatures. The presumable cause is the decrease in the resin viscosity, itself due to the 

absorbed moisture as shown by the resin viscosity measurements presented in Section 6.1. 

Furthermore, no difference in the compaction or flow behaviour between samples conditioned 

at different humidity levels could be observed under microscopy image analysis. 

Representative microscopy image analysis results are shown in  

Figure 6-32. Due to the high variation in the individual ply thickness within each sample, no 

clear trend in the compaction behaviour between samples could be identified. 

 

 
Figure 6-32: Representative results from microscopy image analysis of cross-plied samples compressed at 

different temperatures 
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6.6 Glass Transition Temperature and Degree of Cure 

As suggested in the literature, the absorbed water molecules act as a plasticizer by disrupting 

the intermolecular hydrogen bonds, which degrades the Tg and the mechanical properties of 

the cured resin [86,87,89,91]. Where the effect of absorbed moisture on cured resins has been 

studied widely, only little research has been done on the effects of absorbed water molecules 

on the uncured resin properties and characteristics during the curing process, such as the degree 

of cure. In the study conducted by Sharp [79], it was shown that water molecules absorbed in 

uncured liquid epoxy resins increased the cure rate at low levels of cure, but decreased the 

maximum degree of cure. A lower degree of cure indicates a lower cross-linking density due 

to the water molecules interfering with the bonding sites decreasing the mechanical strength of 

the final cured laminate. 

This part of the experimental program investigates the effect of water absorbed by the uncured 

b-staged prepreg resin on the glass transition temperature and the final degree of cure. Both 

parameters can be determined by Differential Scanning Calorimetry (DSC) thermograms since 

the glass transition and the cross-linking process change the heat flow due to exothermic and 

endothermic reactions. 

6.6.1 Experimental Setup 

Pure resin samples, with a mass of 20 mg ±3 mg, were taken from the scratched off resin used 

for the resin viscosity measurements. Three resin samples for each RH level were conditioned 

at 40, 60 and 90% RH for 25 hours. After conditioning, each sample was weighed using the 

Mettler Toledo AE2 scale before placing the resin sample in a sealed packet. The sealed samples 

were weighed again and inserted into the calorimeter heating chamber of a DSC analyser (DSC 

Q5000) together with a weighted empty packet acting as a comparative probe. The 

programmed dynamic heating mode started with a heat ramp of 10°C/min from -50°C to a 

maximum temperature of 230°C, with a subsequent cooling rate of 10°C/min until 20°C was 

reached. A second heat ramp was applied to obtain the glass transition temperature of the cured 

sample. Liquid nitrogen was used throughout the test to avoid any resin degradation and to 

control the temperature precisely. 

6.6.2 Results and Discussion 

The following results were obtained by using the analysis software Universal Analysis 2000. 

The software automatically calculates the Tg temperature and integrates the area between the 



 

118 
 

manual selected temperatures, at the beginning and end of the sudden change in heat capacity, 

within the heat flow versus temperature plots obtained from the DSC analysis, as illustrated in 

Figure 6-33. Figure 6-33 shows an exemplary heat flow versus temperature diagram obtained 

from the DSC analysis of a 40% RH condition pure resin specimen, including the automatic 

calculated values. 

 
Figure 6-33: Typical DSC heat flow versus temperature diagram obtained from a pure resin sample 

conditioned at 40% RH 

For every temperature and humidity level, four specimens were tested. The average values, 

including the related standard deviations, are presented in Figure 6-34 and Figure 6-36. The 

change in glass transition temperature for uncured and cured resin samples are shown in Figure 

6-34 a) and b), respectively. In both plots, an almost linear decrease in glass transition can be 

observed. Where the decrease in Tg for uncured resin is only about 3°C between the 40% and 

90% RH samples, the absorbed moisture has a more significant impact on the degradation of 

the cured resin. Compared to samples conditioned at 40% RH, the glass transition temperature 

decreases by 8.5°C for samples exposed to 90% RH. 
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a) 

 

b) 

 

Figure 6-34: Glass transition temperature of uncured resin samples conditioned at various humidity 
levels for a) uncured resin b) cured resin 

A typical curing reaction DSC thermogram, showing the heat flow as a function of temperature 

after initiation of the cure reaction, of resin samples conditioned at various humidity levels, is 

presented in Figure 6-35. It can be found that the exothermic reaction decreases with an 

increase in moisture content. A peak heat flow of 40 mW for 40% RH samples was measured 

compared to the maximum peak heat flow of 27.5 mW for samples conditioned at 90% RH. 

By integrating the area under the peak of the exothermic reaction, beginning from the initial 

curing temperature Ti to the finishing temperature Tf, the total energy for each specimen, can 

be calculated. Assuming that the specimen showing the highest energy release achieved a 100% 

degree of cure, the effect of absorbed moisture on the final degree of cure can be investigated. 

The average values of the four samples per humidity level, including the related standard 

deviations, are presented in Figure 6-36. A continuous degradation of the final degree of cure 

can be observed, with a reduction of almost 20% for 90% RH samples compared to 40% 

samples.  

The distribution in all experiments is quite narrow with a very small band of standard deviation, 

indicating a very consistent effect of the absorbed moisture on the resin cure characteristics. A 

summary of all averaged values for each humidity level are presented in Table 6-1.  
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Figure 6-35: Typical DSC curves obtained for uncured Hankuk 4545-S resin samples conditioned at 40, 

60 and 90% RH 

 
Figure 6-36: Average degree of cure for samples conditioned at various humidity levels 

 

Table 6-1: Summary of DSC results showing average values for samples conditioned at various humidity 
levels compared to the theoretical absorbed moisture content 

RH 
(%) 

Max. Heat 
Flow 
(J/g) 

Degree of 
Cure 
(%) 

Tg Uncured 
resin 
(°C) 

Tg Cured 
Resin 
(°C) 

40 450.7 96.55 4.12 125.49 

60 383.37 82.13 2.71 123.61 

90 359.87 77.09 -1.05 117.01 

 

6.7 Conclusion 

An increased adhesion force at higher humidity at typical layup and debulking temperatures 

was measured. As was already observed during the layup process, discussed in Section 5, the 

higher “stickiness” of a prepreg ply makes it harder for the laminator to adjust possible layup 
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inaccuracies. Thus, a higher tack increases the risk of inducing defects such as ply bridging in 

corners during the manual layup process. In addition, a significant decrease in resin viscosity 

at debulking temperatures was measured for higher humidity levels. The decrease in resin 

viscosity leads to an overall higher laminate compaction already within the debulking process, 

as demonstrated by the compaction tests detailed in Section 6.5. A higher laminate compaction 

in turn increases the distance the plies need to slip relative to each other in order to fully 

conform to the given corner geometry during consolidation. However, the interply friction 

between prepreg interfaces increases with humidity. Based on the analytical corner pressure 

prediction model presented by Levy [67], the ability of plies to slip, and the bulk factor of the 

laminate during consolidation both play a significant role on the pressure distribution between 

the corner and sidewalls of the mould. Having a higher interply friction and higher bulk factor 

during consolidation the corner pressure is reduced and the debulking pressure may not be 

sufficient enough to suppress induced ply bridging, as seen in the microscopy image analyses 

after debulking (see Section 5). Furthermore, a decrease in the ply bending stiffness was 

detected at higher humidity. However, even though a lower bending stiffness will theoretically 

have a positive effect on the corner consolidation behaviour and increase the compaction 

pressure, it can be assumed that the impact of the reduced bending stiffness can not compensate 

for the effect of the previously mentioned characteristics on the corner pressure reduction. 

In contrast to the prepreg interply friction, the friction coefficient between a prepreg and Teflon 

interface decreases with higher humidity. Thus, with the additional applied external 

consolidation pressure and higher temperatures during the autoclave process, it is easier for the 

whole prepreg laminate to slip simultaneously along the sidewalls down inside the corner, to 

compensate for the additional length needed to conform to the mould surface, instead of single 

prepreg plies sliding relative to each other. A reduced corner compaction pressure may then 

allow the stack to flow inside the corner, forming wrinkles and vapour voids during autoclave 

consolidation.  
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Compaction Pressure Distribution 
Measurements in Corners 
 

 

As explained in Section 2.1.5, a possible reason for the accumulation of defects within sharp 

corner areas in L-shaped geometries is the reduced compaction pressure applied to the 

laminates in these regions. A reduced pressure in corners reduces potential to mitigate induced 

ply bridging and voids. An analytical model was developed by Brillant [68] that predicts the 

corner thickness variation in L-shaped corners, considering a discrepancy between the applied 

pressure on the upper laminate surface, to the tool reaction pressure on the tool surface, due to 

a variation in reaction stresses during laminate compaction. Another semi-empirical analytical 

model was proposed by Levy et al. [67]. This model predicts the laminate thickness variation 

during laminate compaction in L-shaped geometries, considering geometrical properties such 

as corner radii and flange thickness as well as prepreg material properties such as interply 

friction and compaction behaviour. Both analytical models indicate a reduction in the 

compaction pressure in corner regions, for laminates with high thickness to corner radius ratios. 

In the previous experiments, discussed in Chapter 6, it was demonstrated that absorbed 

moisture affects the prepreg characteristics (e.g. interply friction, tack, compaction behaviour, 

etc.) which play a significant role in the compaction and consolidation behaviour of complex 

laminate geometries. However, to date, the impact of these material and geometrical properties 

on the compaction pressure in L-shaped geometries has not been measured directly. This 
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chapter discusses a novel corner pressure distribution measurement method, utilizing a high 

resolution, thin and flexible pressure mapping sensor. 

First, the Tekscan I-Scan® measurement system is introduced, and the measurement principle 

discussed. Preliminary compaction pressure measurements were then carried out to investigate 

the effect of the corner radius to laminate thickness ratio, on the pressure exerted on the mould 

surface, utilizing a silicon rubber material (Silex GP 30) as pressure distribution material. 

Further experiments were conducted to investigate the effect of relative humidity on the 

compaction pressure distribution in corners during the debulking process of a prepreg laminate, 

with varying laminate stacking sequences. 

7.1 I-Scan® Tekscan Pressure Measurement System 

The Tekscan I-Scan® system used in this experimental study consists of the thin and flexible 

sensor, the data acquisition handle (EvolutionTM) that establishes the connection between the 

sensor and the computer via a USB port as shown in Figure 7-1, and the associated I-Scan® 

software. 

 
Figure 7-1: Tekscan I-Scan® Pressure Mapping System: Tekscan 5051 sensor attached to data handle 

(EvolutionTM) 

The Tekscan sensor works on a piezo-electric principle where changes in current flow can be 

measured and recorded by the Tekscan I-Scan® system. Intersections of conductive paths, 

which are created by a pressure-sensitive ink, generate a sensing matrix, as shown in Figure 

7-2. The sensel grid contains 44 rows and 44 columns which results in 1936 single, electrically 

isolated, sensing elements (sensels) within the active sensing area. The thickness of the sensor 

is only 0.1 mm, and therefore does not have a significant effect on the presented measurements 

considering the impact on the laminate thickness to corner radius ratio. 

The Tekscan system enables measurements in real-time at 100 Hz, which are displayed 

graphically in the associated I-ScanTM software. The Tekscan system has an 8-bit output and 
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reads the analogue values from each sensel of the sensing active area. The signal is represented 

by 256 full scale raw digital values (0-255), based on the force applied. The 256 values 

correspond to the 8-bit colour depth visualized in the software. The sensor is connected to the 

data handle that processes and sends each recorded data frame, consisting of a set of 1936 

single pressure values, for post analysis to the PC. 

The details of the square-shaped sensor (Type 5051) used within this experiment is shown in 

Table 7-1. This sensor was chosen because it offers a high resolution with a sensel spacing 

(Pitch) of 1.3 mm within the active sensor area of 55.9 mm x 55.9 mm. The sensor is available 

with a pressure range of 0 - 345 kPa, suitable to measure the compaction pressure during 

debulking pressures with an accuracy of ±10% of the recorded raw values [146]. 

 
Figure 7-2: Illustration of the senor active area showing the sensel grid (Pressure Mapping Sensor 5051), 

adapted from Tekscan I-Scan® [146] 

 

Table 7-1: Details of the Tekscan 5051 sensor 

Sensor 

Type 

Matrix 

Width 

MW 

Matrix 

Height 

MH 

Columns Rows Total 

No. Of 

Sensels 

Sensel 

Spatial 

Resolution 
CW 

Pitch 

CS 
Qty. RW 

Pitch 

RS 
Qty. 

5051 

(mm) 

55.9 

(mm) 

55.9 

(mm) 

0.8 

(mm) 

1.3 
44 

(mm) 

0.8 

(mm) 

1.3 
44 1936 

(sensel per 

sq-cm) 

62.0  

Pressure Range 345 kPa 
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7.2 Sensor Conditioning and Calibration Procedure 

Before the sensor can be used within the intended experiment, the sensor needs to be 

conditioned and calibrated. As the sensor delivers a voltage/raw value that will be interpreted 

by the I-Scan® software, a pressure value needs to be assigned to the recorded raw value. 

In the first step of the calibration procedure, the drift of the sensor needs to be considered due 

to the squeezing flow of the pressure-sensitive ink within the sensor, to achieve the highest 

possible measurement accuracy. Thus, following the calibration instruction recommended by 

Tekscan [146], five load cycles at approximately 110% of the maximal expected application 

pressure were applied on the sensor by placing the sensor between two parallel plates, The 

plates were loaded with 350 N in an Instron 5567 UTM, as shown in Figure 7-3 a). A 5 mm 

silicon rubber sheet covering the whole active sensor area was used to distribute the applied 

load equally.  

Considering Figure 7-3 b), the drift between the five load cycles can be seen. Where the first 

load shows the lowest measured pressure values over time, a repeated loading resulted in higher 

measured compaction pressure values, and the difference in the measured load between each 

subsequent load cycles was observed to become smaller. Furthermore, it takes 100 seconds 

after the load was applied until the measured values asymptotes to a constant value. Therefore, 

the measured values in these experiments were taken after a 100 second dwell time. 

a) b) 

  
Figure 7-3: Sensor drift during five load cycles in an Instron machine at 280 N 

Next, the sensor sensitivity was adjusted, in order to suit the requirements of the mechanical 

test. Where higher sensor sensitivities allow the detection of small changes of stress, lower 

sensitivities allow to measure higher stresses but in turn, cannot detect small changes in stress. 

The optimal sensitivity, therefore, should be 90% of the maximum sensor raw saturation. To 
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adjust the sensitivity, the sensor was loaded in an Instron 5567 UTM to 100% of the maximal 

intended experimental load. Since the pressure distribution is sensitive to the material 

properties and surface roughness, the sensitivity adjustments and subsequent calibration 

procedure must be conducted with all interface materials present that will be used in the actual 

measurements of interest (e.g. silicon sheet and prepreg material). The saturation level was 

adjusted in the software so that at the maximum load in the application no purple (i.e. 

oversaturated) cells are visible. Figure 7-4 illustrates three different saturation levels (S15, S20, 

and S25) at a constant load, for which a saturation value of S20 has been considered to provide 

the best adjusted sensitivity. If the applications vary, the sensitivity should be adjusted 

accordingly. 

   

S15 S20 S25 

Figure 7-4: Illustration of three different sensitivity levels, showing a too low sensitivity adjustment (S15), 
a too high sensitivity (S25) and a perfect adjusted sensor sensitivity (S20) 

Next, the sensor was loaded between two parallel plates with 250 N in the Instron 5567 UTM, 

simulating a vacuum pressure of 100 kPa on the active sensor area. According to the 

instructions from Tekscan, an active sensor area covering 80% of the sensor area is sufficient 

during the calibration process. Since two different materials were used, silicon and prepreg, the 

calibration procedure was completed for each material separately. A piece of silicon sheet 

(Silex GP 30) or 300 gsm prepreg material 50 x 50 mm was used as distribution material during 

the calibration procedures. 

After applying the load and adequately adjusting the sensitivity, the integrated calibration tool 

in the I-Scan® software allows either a single point calibration if static tests are completed at a 

constant load, or a multiple point calibration if the load varies within the experiment. In the 

case of a multipoint calibration, a calibration curve will be fitted between each calibration load 

applied, since the relationship between the load and the responding voltage/raw value is not 

linear. After the calibration procedure is finished, a calibration file can be saved. It should be 

mentioned that the calibration file is only valid in combination with the adjusted sensitivity 

value and sensor used within the calibration process. By changing the sensor or sensitivity level 

a new calibration needs to be carried out. 
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7.3 Sensor Usage in Vacuum Application 

To investigate the suitability and measurement accuracy of the sensor within a vacuum 

application, preliminary tests were carried out measuring the compaction pressure exerted on 

a flat mould surface within a debulking setup applied to a single prepreg layer. A schematic of 

the test setup is shown in Figure 7-5 a). 

a) 
1 3 4 5 6 7 82

b) 

 
Figure 7-5: a) Schematic of the debulking setup, including the Tekscan sensor 1. Vacuum bag 2. Sensor 

cut 3. Breather 4. Perforated film 5. Prepreg 6. Tekscan sensor 7. Vacuum port 8. Sealing tape b) Sensor 
cut 

As shown in Figure 7-6 a), initial measurements showed that very little gain in pressure was 

detected by the sensor during debulking at a vacuum pressure of 2 kPa. It was found, that 

entrapped air between the two sensor layers expands when a vacuum is applied, creating a 

“pillow effect”. A solution to prevent the pillow effect was to vent the sensor by cutting the 

sensor in an area without any electrical connections as indicated in Figure 7-5 b). The pressure 

distribution detected by the vented sensor is shown in Figure 7-6 b). 

a) 

 

b) 

 

Figure 7-6: Uncalibrated raw pressure distribution during debulking, for a) a Tekscan sensor without 
cut, and b) a Tekscan sensor cut to evacuate trapped air 

To gain confidence in the accuracy and repeatability of the compaction pressure distributions 

measured during the debulking process, ten debulking load cycles were performed and the 

average value of each debulking cycle, measured by 1936 sensels, calculated. The average 

values with the associated standard deviation are shown in Figure 7-7. With an applied vacuum 
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pressure of 2 kPa, a pressure of 98 kPa should be measured by the Tekscan I-Scan® system. As 

shown in Figure 7-7, the ten measured compaction pressures are close to the applied vacuum 

pressure of 98 kPa ±2 kPa. The vacuum pressure was applied and measured at the vacuum 

pump with an accuracy of 0.2 kPa. A slight increase in compaction pressure for each debulking 

cycle can still be detected, due to the remaining squeezing flow of the pressure-sensitive ink. 

 
Figure 7-7: Measured compaction pressure of ten debulking load cycles applied on Tekscan sensor 

The rough prepreg surface leads to the high variations in measured local pressure, indicated by 

the standard deviation data presented in Figure 7-7. The unevenly distributed resin on the 

prepreg surface and the carbon fibre tows may not fully and evenly cover the sensels, leading 

to an uneven pressure distribution with high and low peak pressure values, as illustrated in 

Figure 7-8. However, it can be concluded that the compaction pressure during debulking could 

be measured accurately, with good repeatability, when the sensor was adequately vented, and 

the average values were calculated over the effective sensor area. 

a) 

 

b) 

 

Figure 7-8: Scattered pressure distribution due to rough prepreg surfaces applied on the Tekscan sensor 
surface 
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7.4 Influence of Laminate Thickness to Corner Radius Ratios 

To quantify applied pressure distributions in female corner areas during the debulking process, 

measurements were made of the pressure exerted on mould sidewalls and corners. Due to the 

flexibility of the pressure mapping sensor (Tekscan 5051), the sensor was found to be very 

suitable for recording the compaction pressure distributions in female moulds having a various 

laminate thickness to corner radius ratios. Corner radii of 10, 14 and 20 mm and two laminate 

thicknesses of 5 and 10 mm were studied. As shown in Figure 7-9, the Tekscan sensor was 

placed in the corner area of a mould coated with a Teflon film, reducing shear forces between 

the tool and sensor interface. Tacky tape was wrapped around the back end of the sensor, to 

seal the vacuum bag and fixate the sensor properly to the mould. Due to the high tack of the 

tape, the back area of the sensor was additionally wrapped in Teflon film to avoid damage of 

the sensor when removing the tape and vacuum bag from the sensor. A 5 and 10 mm thickness 

silicon rubber material (Silex GP 30) was used as a model laminate material, transferring the 

vacuum bag pressure to the mould and Tekscan sensor surface area. The silicon pad was 

covered by a breather material to ensure homogenous air evacuation during debulking. The 

setup was vacuum bagged, and a bag pleat was setup along the corner to prevent bag bridging. 

It was assured that the breather material covered the venting cut-out of the sensor, so that the 

sensor could be adequately vented. In each experiment, a vacuum pressure of 2 kPa was applied 

inside the vacuum bag, monitored by the digital pressure gauge (Vacmobiles GDH200-14) at 

the vacuum pump outlet. For each laminate thickness to corner radius ratio, three debulking 

cycles were applied. After each debulking cycle, the vacuum bag, consumables and the silicon 

sheet were removed from the mould, and the debulking set up was rebuilt again. The average 

pressure along the x-axis of a single line of sensels was then calculated for every applied 

debulking cycle. 

I) 

 

II) 

 
Figure 7-9: Tekscan pressure measurement experimental setup: I) a. vacuum bag, b. breather cloth, c. 

silicon sheet, d. Tekscan Sensor, e. Teflon film, f. aluminium mould II) Tekscan sensor 
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7.4.1 Results and Discussion 

Figure 7-10 to Figure 7-12 show the recorded average pressure distributions in the corner areas 

within a 10, 14 and 20 mm radius mould, respectively. Each line represents the average values 

in the axial direction of the three repeated debulking/load cycles. The vertical dashed lines in 

Figure 7-10 to 7-12 mark the transition zone from the radius curvature to the flat areas of the 

moulds. 

Figure 7-10 clearly shows a significant pressure drop in the 10 mm corner region as well as a 

slight increase in the pressure within the transition zone. The pressure values within the flat 

part region are around 98 kPa for both material thicknesses, which corresponds to the 

theoretical compaction pressure during debulking, exerted by the vacuum bag. In contrast, the 

measured compaction pressure in the 10 mm corner region is only 38 kPa for the 5 mm 

thickness sheet and 25 kPa for the 10 mm thickness sheet. In comparison to Figure 7-10, it can 

be observed that with an increase in corner radius, and the associated decrease in laminate 

thickness to corner radius ratio, the drop in the compaction pressure in the corner area 

decreases, as shown in Figure 7-11 and Figure 7-12. The compaction pressure within the 20 

mm radius drops to 75 kPa for the 5 mm thickness sheet and the pressure drop for the 10 mm 

thickness sheet is 65 kPa. Additionally, the increase in compaction pressure in the transition 

between the corner and flat areas decreased.  

 
Figure 7-10: Average pressure distribution alongside a 10 mm radius corner for a 5 and 10mm thickness 

silicon sheet 
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Figure 7-11: Average pressure distribution alongside a 14 mm radius corner for a 5 and 10mm thickness 

silicon sheet 

 
Figure 7-12: Average pressure distribution alongside a 20 mm radius corner for a 5 and 10mm thickness 

silicon sheet 

The reductions in the compaction pressure for increasing radius to laminate thickness ratios 

correlate well to the results from the layup thickness measurements presented by Netzel et al. 

[66]. This study showed that with an increasing layup thickness, corner thickening also 

increases due to the decreasing laminate compaction pressure, as shown in Figure 7-13. The 

plots show the laminate thickness scans performed on the sidewall and corner along a U-shaped 

sample, having a 20 mm corner radius, using a laser scanning method. Thickness measurements 

were taken after every debulked layer of a 28-layer prepreg laminate. Similar results are 

0

20

40

60

80

100

120

140

-25 -20 -15 -10 -5 0 5 10 15 20 25

P
re

ss
ur

e 
(k

P
a)

Corner Position (mm)
5_mm Thickness 10_mm Thickness

Corner Area

0

20

40

60

80

100

120

140

-25 -20 -15 -10 -5 0 5 10 15 20 25

P
re

ss
ur

e 
(k

P
a)

Corner Position (mm)
5_mm Thickness 10_mm Thickness

Corner Area



 

132 
 

obtained until the 8th ply, and then layer profiles change for the corner region, while 

progression within the sidewall remains consistent. Corner thickening is initiated at the 9th ply, 

and then grows proportionally as the stack is built, culminating in an average difference in 

thickness of 0.5 mm. 

 
Figure 7-13: Thickness evolution of the corner and sidewall during the layup process [66] 

Furthermore, the increase in compaction pressure in the transition between the corner and 

sidewall corresponds to the corner thickening measurements shown in Figure 5-6. The 

increased compaction pressure leads to a laminate thickness reduction in the transition regions, 

less than the average thickness along the flat sidewall region of the part. 

A comparison of the average corner pressure within the area ±5 mm from the corner centre, for 

all corner radii and laminate thicknesses, is plotted in Figure 7-14.  

 
Figure 7-14: Average corner pressure measured by the Tekscan sensor for various laminate thickness to 

corner radius ratios 
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The presented data shows clearly the relation between the corner radius and the thickness of 

the material, as explained in the research conducted by Hubert et al. [64]. It is stated that the 

pressure difference occurs due to the different laminate reaction stress between the flat and 

corner area. For concave corner laminates, the corner stress is smaller than the stress in the flat 

area, due to a larger surface area at the tool side as compared to the bag side which leads to 

corner thickening. 

7.5 Effect of Relative Humidity and Prepreg Laminate Stacking Sequence 

The previous compaction pressure measurement experiments demonstrated the influence of the 

laminate thickness to corner radius ratio on the compaction pressure in concave corner areas, 

during a debulking process applied to a silicon rubber material. However, by using a solid 

silicon rubber material as the model laminate material, prepreg laminate characteristics that 

might influence the consolidation and compaction behaviour (e.g. interply friction, fibre 

orientation and resin depended bending stiffness, resin viscosity etc.) are neglected. Thus, 

additional compaction pressure measurement experiments were conducted, replacing the 

silicon sheet by a prepreg laminate, within the corner of a 10, 14 and 20 mm concave mould. 

The specimens used in this experiment consisted of 16 individual 300 gsm plies (80 mm x 150 

mm x 0.3 mm) laid up in two different stacking sequences illustrated in Figure 7-15, 

unidirectional sample laminates with purely 90° fibre orientation, and cross-plied samples with 

an alternating fibre orientation between 0° and 90°. This enabled investigation of the effect of 

the fibre orientation on the pressure distribution in sharp corners. Additionally, the effect of 

relative humidity on the pressure distribution during the debulking process was investigated. 

Therefore, each ply was conditioned for 25 hours at 40, 60 and 90% relative humidity at 21°C 

prior to the debulking process (see Figure 7-16). 

a) b) 

  

Figure 7-15: Sample configurations showing a) Unidirectional laminate [90]16 b) Cross-plied stack [90 / 
0]8 
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a)

 

b) 

Figure 7-16: Sample conditioning a) Samples distributed on tray showing fibre orientations b) Samples 
within the environmental chamber 

The experimental setup is similar to the configuration explained in the previous Section 7.4. 

The prepreg stack replaced the silicon sheet, and an additional perforated film covered the 

prepreg stack, to prevent sensor damage due to the sticky prepreg surface, as illustrated in 

Figure 7-17 I). The pre-conditioned prepreg plies were laid up on the blue perforated film that 

covered the sensor, and debulked at 21°C after every fourth laid up ply for 15 min at a vacuum 

pressure of 2 kPa, measured and monitored continuously at the vacuum pump outlet.  

I) 

 

II) 

III) IV)

 
Figure 7-17: Tekscan pressure measurement experimental setup: I) a. vacuum bag, b. breather cloth, c. 
perforated film, d. prepreg stack, e. Tekscan sensor f. Teflon film II) Prepreg layup on Tekscan sensor 

with opened vacuum bag III) Reusable bagging setup with attached Tekscan sensor IV) Complete 
bagging setup in 14 mm radius mould 
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The pressure distribution was recorded for each debulking step. Instead of renewing the 

bagging setup after each debulking cycle, a reusable bagging setup was used. The reusable bag 

consisted of the vacuum bag with pleats in the corner areas, the attached breather material and 

the perforated film (see Figure 7-17 III). The black tacky tape used in Section 7.4 was 

interchanged with a yellow heat resistant tape due to its reduced level of tack, enabling the 

removal of the bagging setup after every debulking step without damaging it. After every 

debulking cycle, the bag was opened from the side opposite to the sensor (Figure 7-17 II). The 

upper part of the vacuum bag where the sensor and consumables are attached, was not removed. 

Thus, the position of the sensor and the vacuum bag pleats remained very consistent throughout 

the experiments. 

7.5.1 Results and Discussion 

7.5.1.1 Induced Defects and Effect of Debulking Process 

An exemplary pressure distribution from a 90% RH sample within a 20 mm radius mould is 

shown in Figure 7-18 a). The image shows the graphical representation of the pressure values 

for each of the 1936 sensels. As explained in Section 7.3, the reason for the high variability 

within the pressure distribution is due to the rough prepreg surface. For data visualization 

purposes, the I-Scan® software’s integrated smoothing function was activated to eliminate the 

high and low-pressure peaks, so that possible induced defects appear more clearly. It should be 

noted that the smoothing function does not affect the measured pressure values. Figure 7-18 b) 

shows the same pressure distribution with the smoothing function activated. 

a) 

 

b) 

 
Figure 7-18: Example of a pressure distribution within a 20 mm radius corner showing induced defects, 

recorded by the Tekscan sensor showing a) Original rough surface b) Software activated smoothed 
surface function  

Because the pressure distribution was measured for every fourth laid up ply, the effect of the 

debulking process on possible induced defects during the layup step could be investigated. 

However, if defects such as wrinkling or bridging were detected, the final pressure distribution 

during the debulking progress of the 16th laid up ply was excluded from further evaluations. In 
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order to be able to evaluate the effect of humidity and corner radius on the pressure distribution 

within a corner, samples were laid up until three defect-free samples for each sample 

configuration and humidity level were obtained. 

Figure 7-20 illustrates three typical recorded pressure distributions. Picture a) shows a valid, 

defect-free pressure distribution profile, which was subsequently used in the evaluation of the 

effect of humidity on the pressure distribution. Common pressure measurement artefacts such 

as high-pressure peaks around the edges of the active sensor area, as shown in picture b), 

resulted from the overlapping edges of the prepreg sample. The sudden decrease or increase in 

the pressure distribution along the entire sensel row or column (see Picture b) and c)) could be 

due to fibre tow wrinkling/buckling, or possibly an area with high surface resin content. 

However, the pressure distributions shown in picture b) and c) were also considered as valid 

samples, but the pressure values within the areas of uncertainties were excluded from further 

calculations. In contrast, samples with induced ply bridging or wrinkling covering more than 

20% of the sensor area were eliminated. 

   
Figure 7-19: Various pressure distributions showing valid samples with small induced defects 

Figure 7-20 (a - c) shows the pressure distribution recorded in the situation in which ply 

wrinkling has possibly been induced within the first four laid up plies. Wrinkling may be 

indicated by the sudden decrease in the pressure distribution, leading to an increase in pressure 

within the corner centre area due to the ply wrinkle peak exerting pressure on the sensor. To 

investigate the effect of the debulking process on induced defects, the pressure distribution was 

recorded again after a debulking period of 30 min. As can be seen in b), the vacuum pressure 

was not sufficient enough to mitigate the defect properly. Even after the 16th ply was laid up 

the pressure distribution, as shown in Picture c) is still very similar to that presented in Picture 

a), indicating that the induced defect is still prominent. 

Figure 7-20 (d - f) illustrates ply bridging within the first four laid up plies, showing a low-

pressure region with an adjacent increase in corner pressure. To distinguish between induced 

ply bridging or the decrease in pressure distribution due to geometrical constraints and prepreg 

characteristics, additional pressure was applied in the low-pressure region during the debulking 
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step using a plastic roller. If ply bridging was prevalent, no additional pressure could be 

detected while applying additional pressure in the low-pressure region. However, a defect-free 

laid up prepreg laminate showed a localized sudden increase in pressure where the additional 

load with the plastic roller was applied. Again, for the case illustrated in Picture e), the 

debulking process was not sufficient enough to form the ply properly to the mould surface, 

even after a period of 30 min at 2 kPa vacuum pressure. Only a small increase can be detected, 

and the bridged ply is still present after the whole laminate was laid up and debulked. 

   

  

Figure 7-20: Various pressure distributions showing rejected samples with induced ply wrinkling and 
bridging 

It should be noted, that if defects were induced at any stage of the layup process, the debulking 

process never resolved the induced defects. This observation is independent of the moisture 

conditioning of the samples. However, the experiments showed that defects were more likely 

to be induced in corners with high laminate thickness to corner radius ratios. In addition, the 

chance of inducing defects during the layup increases for samples conditioned at higher 

humidity. As has been shown in the presented prepreg characterization experiments (Section 

6.2), the adhesion force or ‘tackiness’ of the plies increased with higher humidity. The higher 

tack made it more difficult to rearrange and form the prepreg plies properly inside the mould 

corner. An overview of all rejected samples during the sample layup is shown in Figure 7-21. 

Furthermore, the number of sample rejections of each layup type demonstrates that it is more 

likely to induce defects having plies of 0° fibre orientation. 
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Figure 7-21: Overview of rejected samples during the sample layup step 

 

7.5.1.2 Effect of Relative Humidity and Laminate Thickness to Corner Radius Ratios  

The compaction pressure exerted by a 4.8 mm thickness 0°/90° prepreg laminate on the tool 

surface, during the debulking process in concave corners with a 10, 14 and 20 mm radius was 

measured. The results in Figure 7-22 to Figure 7-24 show the effect of the corner radius and 

humidity on the pressure distribution, between the corner area and the sidewall of the mould. 

Each line represents the average value of three samples, calculated from the average values 

along the x-axis of the corner from each sample, and the associated standard deviations. It can 

be seen that both the corner radius and humidity, affect the pressure distribution. Figure 7-22 

represents the pressure distribution measured in a 10 mm radius mould. A sharp pressure drop 

occurs, initiated just before the transition from the sidewall into the corner area. Although the 

standard deviations within the corner regions are relatively high compared to the sidewall, the 

average values show a clear trend, that higher moisture content within a laminate leads to a 

further decrease in the corner compaction pressure distribution.  

The reason for the reduced compaction pressure in corners for samples conditioned at higher 

humidity can be explained by the changes in the prepreg consolidation behaviour. As 

demonstrated by the prepreg characterisation experiments in Chapter 6, higher humidity leads 

to a decrease in resin viscosity and hence results in higher laminate compaction during 

consolidation. Higher compaction of the laminate sidewall areas increases the effective radius 
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for each stacked ply. It thus induces higher reaction stresses in the corner region, as explained 

by the analytical corner consolidation model developed by Levy [67] and discussed in Section 

2.1.5. The plies then have to slip relative to each other to conform to the adjacent plies and tool 

surface. However, an increase in humidity also increases the interply friction, and hence 

increases the force necessary to induce ply slippage. If the consolidation pressure is not high 

enough to induce ply slippage, the corner compaction pressure is reduced.  

 
Figure 7-22: Effect of relative humidity on the corner pressure distribution at the tool surface within a 10 

mm radius concave mould 

A similar trend is seen for the 14, and 20 mm corner radii presented in Figure 7-23 and Figure 

7-24, respectively. However, the overall compaction pressure within corner regions increases 

as the corner radius increases.  

 
Figure 7-23: Effect of relative humidity on the corner pressure distribution at the tool surface within a 14 

mm radius concave mould 
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Figure 7-24: Effect of relative humidity on the corner pressure distribution at the tool surface within a 20 

mm radius concave mould 

Again, the standard deviations within the corner area are higher when compared to the 

sidewalls, which indicates the variability in the layup quality, especially for sharp corner areas 

and higher humidity levels. 

The average compaction pressures for every corner radius and humidity level are plotted in 

Figure 7-25. Each plotted value represents the average value obtained from three samples, 

calculated from the corner area within ±5 mm from the corner centre line.  

 
Figure 7-25: Average corner pressure for various corner radii and humidity levels 

The results demonstrate that the biggest reduction in compaction pressure is due to the 

decreasing corner radius. An additional decrease in the compaction pressure for higher 

moisture content is also visible for all samples. Furthermore, the highest standard deviations 
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can be found for samples conditioned at 90% RH, with the highest standard deviation found 

for the 10 mm radius corner. These results again show the trend that higher humidity, and high 

laminate thickness to corner radius ratios, increase the risk of inducing defects. 

 

7.5.1.3 Effect of Ply Fibre Orientation on Pressure Distribution 

Additional compaction pressure measurements within a 14 mm radius mould were conducted 

using prepreg laminates consisting of purely 90° ply orientations. The 14 mm radius concave 

tool was chosen as the laminate thickness to corner radius ratio was high enough to detect a 

clear variation between samples conditioned at different humidity levels, as demonstrated in 

Section 7.5.1.2. Furthermore, using the 14 mm mould reduces the risk of inducing defects 

during the layup, as compared to the 10 mm corner radius mould. Figure 7-26 and Figure 7-27 

show the pressure distributions exerted by a 4.8 mm prepreg laminate, having a laminate stack 

of 0°/90° ply orientations and purely 90° ply orientations respectively. 

An overall higher reduction in corner pressure was measured for cross-plied samples, as 

compared to samples only consisting of 0° fibre orientations. This can be explained by the 

differences in the ply bending stiffness between the 0° and 90° plies. During compaction, the 

laminate thickness changes. As a consequence, the plies closer to the bag side need to 

compensate for the radius change by slipping relative to each other. Due to the higher bending 

stiffness of the 0° plies, the laminate is restricted to form inside the mould radius, especially if 

the plies are not able to slip relative to each other. In contrast, 90° plies can form more easily 

in the corner area during compaction, due to the lower ply stiffness. 

 
Figure 7-26: Pressure distributions 0°/90° - Ply orientations 
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Figure 7-27: Pressure distributions 90° - Ply orientations 

The standard deviations within the corner region for the 0° fibre orientation samples are smaller 

compared to standard deviations of the cross-plied 0°/90° samples. This correlates with the 

results shown earlier in Figure 7-21, and is consistent with the experience of the author during 

the layup of 0° and 90° plies. It was found that plies with a 90° fibre orientation are much easier 

to layup, due to the lower bending stiffness, and are therefore less prone to induce defects 

during the layup process. This results in higher, and more repeatable layup quality. 

7.6 Discussion and Conclusion 

A series of compaction pressure measurements during the debulking step were conducted using 

a high resolution and flexible Tekscan pressure mapping sensor. The first set of experiments 

were completed to investigate the effect of the laminate thickness to corner radius ratio on the 

corner compaction pressure distribution during the debulking process, within a 10, 14 and 20 

mm concave mould. It was found that the smaller the concave mould radius and the thicker the 

laminate is, the compaction in the corner region decreases. This can be explained by the 

different laminate reaction stress between the flat and corner area. For increasing laminate 

thickness to corner radius ratios, the corner reaction stress decreases compared to the stress in 

the flat area, σwhich leads to a reduction in the corner consolidation pressure and corner 

thickening. 

In addition to this, the effect of relative humidity on the pressure distribution in corners during 

the debulking process of cross-plied (0°/90° fibre orientation), and unidirectional (90°) prepreg 

laminates were investigated by substituting the silicon sheet with a prepreg laminate. Again, it 
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was found, that the compaction pressure in corners decreased with decreasing corner radii. 

Furthermore, an increase in humidity was found to reduce the compaction pressure in corners 

even further, which can be explained by the higher laminate compactability and the increase in 

prepreg interply friction. The effect of humidity on the corner compaction was seen for all three 

corner radii (10, 14, 20 mm), having the most significant impact on the compaction pressure 

within the 10 mm corner radius. Additionally, the presented results showed that prepreg plies 

having a 0° fibre orientation have the most substantial effect on the corner pressure reduction 

due to their higher bending stiffness, compared to prepreg plies with a 90° fibre orientation and 

their considerably lower bending stiffness. 

It was also shown, that the higher the prepreg moisture content and the smaller the corner 

radius, the more often defects such as ply bridging and wrinkling were induced during the 

sample layups step. Prepreg plies conditioned at higher humidity exhibit higher tack, and thus 

impede defect-free layup. These results confirm again that defects such as wrinkling and 

bridging/voids are already induced during the layup step, as demonstrated by the results in 

Chapter 0, and could not be suppressed entirely during the debulking step due to the insufficient 

compaction pressure in corners. 
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Numerical Prediction of Consolidation 
Behaviour in Corners 
 

 

A numerical model was developed in order to conduct a parametric study on the effects of 

humidity on the evolution of prepreg consolidation in concave corners. The finite element 

modelling discussed in this section was conducted using SIMULIA® Abaqus version 2017. To 

accurately simulate prepreg laminate consolidation behaviour, a material description of the 

used uncured toughened prepreg material system needs to be defined within Abaqus. As 

discussed in Section 2.2.2, the consolidation response of the toughened prepreg system used 

within this study exhibits complex flow and deformation mechanisms that need to be 

considered. The hyper-viscoelastic material consolidation model for toughened prepreg 

systems, developed by Belnoue [137], discussed in Section 2.4, combines the complex 

squeezing and bleeding flow mechanisms during consolidation. As the analytical model was 

implemented as a UMAT subroutine that can be integrated in Abaqus/Standard, and only three 

main model input parameters are required, this consolidation model was chosen for application 

in this research. The three required parameters at any given temperature can be extracted from 

the laminate compaction behaviour experiments presented in Section 6.5. Since the compaction 

experiments were conducted with samples conditioned at different humidity levels, a set of 

compaction parameters can be derived for each individual humidity level (40, 60 and 90% RH). 

Thus, the model indirectly accounts for the changes in resin viscosity and consolidation 

behaviour with regards to humidity. In addition, the model describes the compaction behaviour 
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of individual plies, which allows for stacking the laminate using a ply-by-ply approach. Thus, 

the effect of the fibre orientation and the change in interply friction with regards to humidity 

could also be investigated. 

8.1 Hyper-Viscoelastic Consolidation Model and User Material Parameter Derivation 

In this section a brief summary is provided of the main assumptions and equations of the hyper-

viscoelastic consolidation model developed by Belnoue [137], in order to discuss the user 

material parameter extraction from the prepreg compaction experiments presented in Section 

6.5. The detailed description of the consolidation model can be found in the work conducted 

by Belnoue [137]. As mentioned previously, the hyper-viscoelastic consolidation model 

combines the theories of squeezing and bleeding flows, as both occur during the consolidation 

of toughened prepreg systems [64,131,132]. The analytical model presented in this section 

combines these flow types by decomposing the apparent viscosity (ƞapp) into a strain-dependent 

(i.e. elastic part) and a strain rate dependent (i.e. viscous part) term, as proposed by Kelly [135]: 

𝜎 = η
app

(𝜀,𝜀̇)𝜀̇ = η
strain

(𝜀)η
rate

(𝜀̇)𝜀̇ (35) 

where σ is the Cauchy stress, 𝜀 = 𝑙𝑛 ℎ
ℎ  the Hencky measure of strain, 𝜀̇ = ℎ̇

ℎ, h0 the initial 

thickness and h the current prepreg ply thickness. 

The rate dependant term (ƞrate) is defined as a power-law function: 

η (𝜀̇) = 𝑒 (−𝜀̇)  (36) 

where the parameters a and 𝑏 can be determined from the compaction tests conducted in 

Section 6.5. The strain-dependent term (ƞstrain) incorporates the transition between squeezing 

and bleeding flow behaviour, considering prepreg ply structural information on scales at the 

ply and micro levels. The consolidation model assumes that the initial prepreg compaction 

response is purely determined by incompressible squeezing flow, where the strain in transverse 

direction equals the strain in compaction direction. As the laminate thickness decreases, shear 

deformations at the laminate edges increase to a critical level (εl) at which geometrical locking 

is assumed and the compaction response changes to pure bleeding flow. In contrast to 

squeezing flow, bleeding flow is assumed to be fully compressible where a further laminate 

thickness reduction is determined by the loss in volume due to the resin flow along the fibres 

and out of the system.  

To incorporate the ply scale (ƞply) and microscale deformations (ƞmicro) the strain-dependent 

term (ƞstrain) is thus further decomposed as the product of ƞply and ƞmicro within Equation (35): 
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𝜎 = η
app

(𝜀,𝜀̇)𝜀̇ = η
strain

(𝜀)η
rate

(𝜀̇)𝜀̇ = η
micro

(𝜀)η
ply

 (𝜀)η
rate

(𝜀̇)𝜀̇ (37) 

The analytical expression for ƞply is defined by rearranging the analytical solution presented by 

Rogers [147]: 

η = 2
𝑤

ℎ
𝑒𝑥𝑝(−2(ε + ε ) (38) 

where w0 is the initial width of the ply, h0 the initial ply thickness and ε  the strain at locking 

expressed by the maximum shear rate at the ply edge (�̇� ) and the maximum through-

thickness strain rate in the compacted laminate (�̇� ) as illustrated in Figure 8-1: 

ε = 𝑚𝑎𝑥 −𝑙𝑛
2

3

ℎ

𝑤
𝑡𝑎𝑛(𝛾 ) + 1 ,

2

3
𝜀  (39) 

where γlock and εlock are determined from geometrical micro-scale approximations of the fibre 

bed, as illustrated in Figure 8-1: 

 

Figure 8-1: Schematic of the model simplifications showing the shear behaviour at the ply edges and 
hydrostatic compression, adopted from Belnoue [137] 

Lastly, the term ƞmicro is derived from micromechanical considerations. A regular unit cell with 

square shaped fibres is assumed to describe the fibrous architecture of the prepreg ply, as 

illustrated in Figure 8-2. As mentioned earlier, prior to locking, the ply is considered 

incompressible with the resin flowing perpendicular to the fibre orientation, preserving the 
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ply’s volume. As the fibres approach each other and the fibre spacing reduces, the apparent 

viscosity increases until geometrical locking occurs (fibre packing considered square shaped) 

and the resin starts to flow in the direction parallel to the fibres (see Figure 8-2b). Two 

equations are derived for each flow case (squeezing and bleeding) by rearranging the analytical 

equation from Rogers [147] for squeezing flow of a Newton fluid: 

η
,

= 2 × x × exp(ε) × k ×
k

x  exp(ε) − k
+ 3  

 

(40) 

η
,

= 2 ×
𝑙

𝑑
× k ×

k

x  exp(ε) − k
 (41) 

where l0 is the fibre length, d the edge length of the square-shaped fibre, and k is the 

phenomenological parameter defined as the product of d by the distance between the fibres in 

the initial configuration of the unit cell. Xl represents the aspect ratio of the unit cell at locking 

and Xf the aspect ratio at the compaction limit, with Xl = 0.7 x Xf assuming a fibre volume 

fraction of 0.70 after consolidation. 

 

Figure 8-2: Schematic of model assumptions a) Simplified fibre distribution assuming regular packed and 
square fibres b) Transition between squeezing to bleeding flow, adopted from Belnoue [137] 
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Table 2: Analytical model input parameters 

Parameter Explanation 

h0 (mm) Initial ply thickness before compaction 

w0 (mm) Initial ply width before compaction 

l0 (mm) Fibre length 

d (mm) Fibre edge length of approximated squared shaped fibres 

 

8.1.1 User Material Parameter Derivation from Compaction Experiments 

As was shown in Section 8.1, three material dependent parameters need to be determined for 

the squeezing and bleeding flow, the parameters a and b from Equation 36 as well as the 

parameter k in Equation 40 and 41. The parameter derivation procedure explained in Belnoue 

[137] was followed. It was stated that by plotting the experimentally obtained pressure-strain 

plots from the compaction experiments (Section 6.5), shown in Figure 8-3 a), in a 
̇⁄

ƞ ƞ
 

versus 𝜀̇ log-log diagram, the ramp-dwell steps in the plots for each temperature, will converge 

into a single linear function if the parameter k is adequately adjusted, as shown in Figure 8-3 

b). The parameters a and b can then be determined for the squeezing and bleeding plots by 

linear regression. Figure 8-3 a) shows representative results of the compaction tests obtained 

from CP samples conditioned at 40% RH at various isothermal temperatures. 

Consequently, a set of parameters (k, a and b) could be derived for each compaction test 

conducted for all temperatures and humidity levels. The dashed lines in Figure 8-3 a) represent 

the solution of the differential Equation 37, superimposed on the experimental data. It can be 

seen that the analytical model predicts the compaction behaviour well when the parameter k is 

chosen appropriately. The plotted diagrams for samples conditioned at 60% RH and 90% RH 

can be found in Appendix B. 
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a) 

 

b) 

 
Figure 8-3: a) Representative experimental results of the compaction tests for CP samples conditioned at 
40% RH at various isothermal temperatures, compared to the model predictions after determination of 

the three model parameters b) Log-log diagram of the plots after adjusting the parameter k 

Figure 8-4 shows all derived parameters for the T200S-4545S prepreg system used in this 

study, compared to the parameters of the toughened prepreg system IM7-M21 presented by 

Belnoue [137]. It can be seen that all parameters follow the same trend and that the absorbed 

moisture changes the parameters to a large extent, relative to the changes due to a different 

material. Furthermore, as the parameters a, b and k are strongly related to the resin viscosity, 

the absolute values reduce for higher humidity and temperature. In effect, each set of 

parameters can be seen as a distinct material system, due to different levels of moisture content. 

The sets of parameters implemented in the UMAT for any given temperature and humidity 

level are summarised in Table 8-3. 
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Figure 8-4: Plot of the extracted model parameters versus temperature of the used prepreg system 

(T700S- 4545S) in comparison to the extracted parameters from Belnoue [137] for the IM7-M21 material  

Table 8-3: Derived UMAT parameters 

 Temperature (°C)  
 20 30 40 50 60 70 80 90  

k 0.992 0.96 0.924 0.885 0.859 0.84 0.825 0.815 

40% 
RH 

a -0.9544 -0.93 -0.901 -0.871 -0.843 -0.829 -0.825 -0.823 
b bleed -19 -15.58 -13.6 -12.63 -12.15 -12.114 -12.12 -12.1 

b squeeze -36.2 -34.1 -32.5 -31.3 -30.2 -29.6 -29 -28.7 
k 0.985 0.945 0.902 0.862 0.84 0.825 0.813 0.805 

60% 
RH 

a -0.96 -0.936 -0.91 -0.88 -0.855 -0.84 -0.835 -0.832 
b bleed -19.85 -16.58 -14.9 -13.9 -13.5 -13.38 -13.35 -13.32 

b squeeze -37.53 -35.2 -33.5 -32.12 -31.1 -30.33 -30.02 -29.99 
k 0.982 0.92 0.865 0.835 0.815 0.805 0.8 0.797 

90% 
RH 

a -0.97 -0.948 -0.922 -0.895 -0.875 -0.86 -0.855 -0.854 
b bleed -20.4 -19.3 -18.2 -17.17 -16.2 -15.6 -15.2 -15.1 

b squeeze -39.6 -38 -36.3 -34.95 -33.8 -32.7 -32 -31.7 
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8.2 Model Verification and Validation of Laminate Compaction Behaviour 

The extracted model parameters for each temperature and humidity level were implemented in 

the UMAT. To verify the extracted UMAT parameters, the compaction behaviour experiments 

of the cross-plied samples, presented in Section 6.5, were modelled using the Finite Element 

software Abaqus/Standard. The two compaction plates used in the compaction experiment 

were modelled as rigid bodies. The bottom plate was fully constrained in all six degrees of 

freedom. A reference point was assigned to the top plate at which the single point load was 

applied, as illustrated in Figure 8-5 a). A load amplitude was applied to the reference point 

equal to the ramp dwell program applied by the Instron 5567 UTM used in the compaction 

experiments, starting with a load of 60N and a dwell time of 240 seconds. The load was then 

increased in 60N steps until the maximum force of 360N was reached. A predefined 

temperature field was assigned to the laminate stack in order to simulate the isothermal 

compaction tests at 20, 50 and 80°C. 

a) 

 

b) 

 

Figure 8-5: a) Compaction model set up showing the cross plied prepreg laminate stack between two 
ridged body compaction plates b) Meshed and stacked prepreg plies using a ply-by-ply approach 

The cross-plied samples, consisting of 16 plies, were stacked using a ply-by-ply modelling 

approach (see Figure 8-5 b). Interply friction properties were assigned to each prepreg/prepreg 

and prepreg/tool interface using a hard contact, as measured by the interply friction 

experiments, presented in Section 6.4. No boundary conditions were applied to the prepreg 

plies to allow the laminate to deform freely in the in-plane and through-thickness directions. 

The ply dimensions and fibre orientations were given as material parameters. Three-

dimensional continuum solid elements, with reduced integration and enhanced hourglass 

control were used (C3D8R), having one element through ply thickness (0.3 mm thick). 

Reduced integration elements were chosen to improve the computational efficiency, and 

prevent shear locking and volumetric locking. 

The element width was selected to be 4 mm, based on initial mesh refinement simulation study 

simulations, as shown in Figure 8-6. It was found that the mesh density does not significantly 
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affect the maximum laminate compaction displacement. Thus, a lower mesh density was 

chosen in order to decrease the computational time. 

  
Figure 8-6: Maximum laminate compaction versus element size for samples compacted at debulking and 

autoclave pressure at 20°C and 80°C 

The isothermal, load controlled compaction results obtained from the experiments and the 

simulation are shown in Figure 8-7 and Figure 8-8, respectively. The simulation results show 

that most of the laminate compaction already occurs within the first compaction step, for 

samples compacted at 20°C and the subsequent load increments are not visible, as compared 

to the experimental results. Similar to the experimental results, the compaction simulation of 

the 50°C samples show a clear pattern where the incremental load segment can be seen. 

However, the higher the humidity, especially for the 90% RH sample, the second load step 

leads to higher compaction relative to the experimental results, and the overall compaction 

limit was already reached after the third load step. In contrast, the experimental results show a 

more or less evenly distributed thickness reduction for each load step. Whereas the simulation 

result for the 80°C 40% RH sample shows a similar pattern compared to the experimental 

results, the higher humidity again leads to significant higher compaction within the second load 

increment. Overall, the effect of humidity on the compaction limit is also visible for all 

temperatures within the model predictions, showing higher compaction at higher humidity. 

However, considering the compaction limits for the applied equivalent debulking and autoclave 

pressure at each temperature and humidity level, the predicted laminate compaction curves 

follow the same trend as the experimental data. 
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Figure 8-7: Experimental results of compaction test for Cross Plied (CP) samples 

 

 
Figure 8-8: Simulation results of compaction test for Cross Plied (CP) samples 

A comparison between the experimental and simulation results of the compaction after 

debulking and autoclave pressure, for samples compacted at 20, 50 and 80°C, is given in Figure 

8-9 and Figure 8-10. It was found that the biggest differences in the compaction values occur 

during the debulking step, with the highest variation for samples compressed at 20°C. 

Furthermore, the discrepancy increases with increasing humidity showing a 30%, 84% and 

169% difference for samples compressed at 40%, 60% and 90% respectively. However, the 

differences between all compaction values decreases with higher applied consolidation 

pressure, having the highest difference of 17%, 16% and 28% for samples compacted at 20°C 

at 40%, 60% and 90% RH respectively. 
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Figure 8-9: Comparison of the debulking compaction limits (Experiment versus Simulation)  

 

 
Figure 8-10: Comparison of the autoclave compaction limits (Experiment versus Simulation)  

As the important compaction values within the numerical consolidation model presented in the 

next section are the compaction limits during debulking and autoclave consolidation, the hyper-

viscoelastic model developed by Belnoue [137] is suitable, as it predicts the same trends in 

compaction when compared to the experimental results. A summary of all experiment and 

simulation compaction values for samples compacted at 40, 60 and 90% RH at 20, 50 and 80°C 

is given in Table 8-4. 
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Table 8-4: Comparison of the maximum laminate compaction after debulking and autoclave 
consolidation (Experiment versus Simulation) 

  
Maximum Compaction (mm) 

  
Experiment Simulation 

Humidity 
(%) 

Temperature 
(°C) Debulk Autoclave Debulk Autoclave 

40 

20 0.035 0.07 0.046 0.058 
50 0.17 0.70 0.22 0.59 
80 0.4 0.9 0.339 0.876 

60 

20 0.038 0.11 0.07 0.092 
50 0.27 0.8 0.329 0.71 
80 0.53 1.04 0.452 0.969 

90 

20 0.043 0.177 0.116 0.127 
50 0.361 0.9 0.473 0.856 
80 0.61 1.157 0.616 1.117 

 

8.3 Defect Formation Simulation in Prepreg Laminate Corner Areas 

In order to conduct a parametric study on the effects of the laminate thickness to corner radius 

ratios, as well as changing prepreg characteristics due to absorbed moisture, on the prepreg 

laminate consolidation behaviour, a new parametric numerical laminate consolidation model 

was developed. Furthermore, the effect of the laminate stacking sequence on the consolidation 

behaviour was investigated. The results were then compared to the experimental results 

obtained from the Tekscan compaction pressure distribution measurements conducted in 

Section 7.5. 

8.3.1 Modelling Methodology 

8.3.1.1 Geometry and Boundary Conditions 

To simulate the consolidation of an L-shaped prepreg laminate during the debulking and 

autoclave process, a vacuum bagging setup was modelled following the experimental setup 

used in the Tekscan pressure mapping experiments used in Section 7.5. Figure 8-11 shows the 

model of a debulking vacuum bag set up. The model setup includes the prepreg laminate stack, 
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consisting of 16 individual 300 gsm prepreg plies with assigned fibre orientations (cross-plied 

[0°/90°] or unidirectional [90°]), the high compressible breather material and the vacuum bag.  

 
Figure 8-11: Model setup showing a) Debulking setup including the prepreg laminate stack (16 plies), 

breather material and vacuum bag b) Enlarged corner region c) Shifted stacked prepreg plies  

Three different concave mould radii were modelled, having a corner radius of 10, 14, and 20 

mm. The mould geometry was modelled as a rigid body with the same sidewall opening angle 

of 100° as the moulds used in the previous experiments. A reference point was assigned to the 

rigid body, which was fully constrained in all degrees of freedom. Each prepreg ply was 

modelled individually with the corner radius adjusted so that each ply surface perfectly fits to 

its adjacent geometry (no ply bridging). No boundary conditions were applied to the prepreg 

laminate stack in order to allow the prepreg laminate to deform freely during compaction, as 

illustrated in Figure 8-12. The breather material was directly placed on top of the prepreg stack, 

having an uncompacted thickness of 4 mm. As the hyper-elastic breather material experiences 

high deformations during compaction, boundary conditions must be applied around the edges, 

constraining the breather in the x-direction, in order to prevent severe in-plane deformations 

that will distort the mesh and will ultimately lead to convergence errors. The vacuum bag was 

placed on top of the breather material with one boundary condition applied on the front edge 

to restrict the movement in the y-axis direction. Instead of modelling a vacuum bag pleat along 

the corner area, the top edge of the vacuum bag was left unconstrained so that the bag can move 
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into the corner region (xz-plane) during compaction and conform to the breather surface 

geometry without bridging. The effect of a bridged bag could then be investigated by applying 

an additional boundary condition at the vacuum bag top edge to prevent the movement of the 

vacuum bag in the z-plane, which will induce bridging as the laminate thickness reduces. 

 
Figure 8-12: Illustration of the applied boundary conditions to the vacuum bag and breather material 

 

8.3.1.2 Modelling Technique, Element, Material and Mesh Selection 

The model solution process was split into a debulking and an autoclave step. Whereas the 

debulking step only simulates an isothermal (20°C) and isobar (100 kPa) consolidation, a 

pressure and temperature amplitude time history were defined within the autoclave 

consolidation step. As the hyper-viscoelastic prepreg consolidation model assumes a rate 

dependant consolidation behaviour, the applied pressure and temperature amplitudes follow 

the autoclave curing cycle used in Section 5, having a temperature and pressure ramp of 

approximately 2°C/min and 15 kPa/min respectively. The temperature amplitude was assigned 

within a ‘Predefined Field’ that included the prepreg laminate. The compaction pressure 

amplitude was applied on the vacuum bag surface, equally distributed over the whole vacuum 

bag area with a maximum pressure of 400 kPa within the autoclave step. Since relatively high 

compressive deformations are expected, the model was setup to account for non-linear 

geometry, and an unsymmetrical matrix storage function was used. As suggested and validated 
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in the previous work by Belnoue [137], as well as recommended by the Abaqus user manual 

(Section: Solid Continuum Element), three-dimensional continuum solid elements, with 

reduced integration and enhanced hourglass control were used (C3D8R) for all materials. 

Prepreg Material 

Similar to the previously discussed compaction test, the prepreg laminate was modelled using 

a ply-by-ply approach. A temperature dependent interply friction value for each humidity was 

assigned between each individual prepreg/prepreg and prepreg/tool interface, as measured in 

the interply friction experiment conducted in Section 6.4. The hard contact pressure-

overclosure relationship was used within the contact model, and the plies were allowed to 

separate after contact in order to capture possible ply wrinkling or bridging. Since each contact 

pair contained two surfaces, it must be ensured that the surfaces do not include the same nodes, 

as prescribed in the Abaqus user manual (Section: Defining Contact Interactions). Thus, every 

second ply has been shifted 0.1 mm in the x-plane direction to avoid node overclosure, as 

illustrated in Figure 8-11 c). The bottom surface of the prepreg ply was used as slave and the 

top surface as the master. Because the temperature increases within the simulation, the friction 

values are linked to the temperature amplitude applied. The ply dimensions (width, length and 

thickness) were assigned as state variables (STATEV) within the material section. Since the 

prepreg fibre orientation can be assigned for each ply individually, the effect of two laminate 

stacking sequences on the consolidation behaviour was investigated. A cross-plied laminate 

consisting of 0°/90° ply orientations and a unidirectional laminate consisting of purely 90° 

plies. As per definition, the fibres within the 90° plies run in the x-direction, whereas the 0° 

fibre orientation are oriented along the yz-plane perpendicular to the mould radius.  

Breather Material and Vacuum Bag 

Due to the non-linear stress-strain behaviour of the breather material under compression, the 

breather was modelled as a hyper-elastic material. Breather compaction tests were carried out 

within an Instron 5567 UTM machine, in order to get the necessary uniaxial test data required 

in the hyper-elastic material section in Abaqus. Figure 8-13 shows the results of the 

experimental uniaxial compaction tests data used within the breather material model. The 

integrated data evaluation tool in Abaqus offers various strain energy potential models to fit a 

curve to the data provided. The Ogden, 1st order, hyper-elastic model was chosen with a 

Poisson's ratio of 0.4, as it accurately predicts the compaction behaviour when compared to the 

test data (Appendix C). 
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Figure 8-13: Results of uniaxial breather compaction tests 

The vacuum bag was modelled as an isotropic, linear elastic material, having a Young’s 

modulus of 48 MPa, a Poisson’s ratio of 0.2 and a thickness of 0.125 mm based on the suppliers' 

specification. 

Mesh Refinement Study 

As described by Belnoue [137], the individual prepreg plies were meshed with one element 

through the thickness. The breather material was meshed with 15 elements through-thickness 

due to the greater thickness and the high deformation experienced by this material. One element 

through-thickness was also found to be suitable for the vacuum bag, due to the small thickness 

and the associated material low compaction. An illustration of the model setup and mesh 

density before and after compaction is given in Figure 8-14 a) and b) respectively. 

a) b) 

  
Figure 8-14: Illustration of the model setup a) Uncompacted laminate showing element sizes for all 

materials b) Contact pressure distribution of the compacted laminate 
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Initial simulation trials showed that it took approximately 30 to 48 hours, depending on the 

laminate stacking sequence and sample humidity level, to run one simulation on a standard 

office computer (2.4 GHz quad core, 16 GB RAM). To reduce the computational time, the 

overall element number was reduced by seeding the edges along the sidewall and flat area of 

all materials locally with a single biased mesh beginning from the corner area with an element 

length of 1 mm increasing to 7 mm alongside the edges. Preliminary simulations showed that 

the coarse mesh at the outer laminate edges did not affect the consolidation behaviour in the 

corner region and adjacent transition zone to the flat areas. Within the corner and transition 

zone, a higher mesh density with an element width of 0.2 mm was selected for all materials in 

order to detect any onset of wrinkling and possible pressure inhomogeneities during 

consolidation. To further reduce the number of elements and computational time, the element 

width in the x-direction was increased to 8 mm. Considering the smallest element length in the 

corner region, the elements had a length-to-width aspect ratio of 40, which exceeded the 

recommended maximum aspect ratio of 10, as stated in the Abaqus manual. Thus, the effect of 

the aspect ratio on the corner pressure was evaluated, to ensure the high aspect ratio did not 

affect the consolidation behaviour. Figure 8-15 shows the simulation results of seven aspect 

ratios tested, ranging from 10 to 70, having a constant element length of 0.2 mm. The contact 

pressure values (CPRESS) were taken along the ply centre element path, of the ply adjacent to 

the 14 mm radius tool surface. No significant difference can be determined within the corner 

pressure distribution along the centre elements path as well as the compaction pressure at the 

corner centre.  

a) b) 

 
Figure 8-15: Preliminary simulation results on the effect of the element aspect ratio on a) the pressure 

distribution b) centre corner pressure at corner position 0 mm 
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Thus, an aspect ratio of 40 was selected for subsequent simulations as it was the most suitable 

combination in terms of convergence quality and computational time. Additionally, a mesh 

density study was carried out in relation to the element length in the y-z direction within the 

corner region. Figure 8-16 a) shows the contact pressures between the outermost ply and the 

mould, exerted by a cross-plied 40% RH laminate within a 14 mm mould radius, for four 

different element lengths, ranging from 0.1 mm to 0.4 mm. Again, it can be seen that the 

element length does not significantly affect the centre corner pressure. However, a sharp 

pressure drop between three elements at the transition between the corner and sidewall is 

visible, that decreases with an increase in element width, as shown in Figure 8-16 b). 

a) b) 

  
Figure 8-16: Preliminary simulation results on the effect of the corner element length on the a) Outer ply 

to mould contact pressure distribution b) Centre corner and peak pressure 

In order to evaluate the interpretation of the observed sudden pressure peaks in the transition 

zone between the corner and sidewall area, the internal laminate normal stress perpendicular 

to the ply surface with an element length of 0.4 mm was plotted along the same element path, 

and is presented in Figure 8-17. It can be seen that the sudden pressure peaks found within the 

contact pressure plot (Figure 8-16 a) are not visible within the stress plot. Considering the 

decreasing pressure discontinuity with increasing mesh density, as well as the use of reduced 

integration elements, it can be assumed, that these phenomena can partially be attributed to 

numerical artefacts due to an insufficient mesh density. The pressure peaks are caused by high 

gradients in the deformation fields, due to high gradients in stress and contact pressure which 

lead to the onset of wrinkling. As within a finite element analysis the displacements are solved 

directly from the governing equations, and the strains and stresses are calculated as secondary 

results, the magnitude of the identified increase from deformation, to stress, to contact analysis. 

0

50

100

150

200

250

300

350

400

450

-20 -10 0 10 20

C
or

ne
r 

Pr
es

su
re

 D
is

tr
ib

ut
io

n 
(k

Pa
)

Corner Centre Position (mm)
0.1mm 0.2mm 0.3mm 0.4mm

0

25

50

75

100

125

150

175

200

225

250

0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45

C
om

pa
ct

io
n 

P
re

ss
ur

e 
(k

P
a)

Element Size Corner (mm) 
0.1mm_Corner 0.2mm_Corner 0.3mm_Corner
0.4mm_Corner 0.1mm_Peak 0.2mm_Peak

0.3mm_Peak 0.4mm_Peak



 

162 
 

 
Figure 8-17: Plot of the normal stress perpendicular to the ply surface along the corner radius 

However, as the element length did not affect the centre corner pressure, and considering the 

required computational time, an element length of 0.2 mm was chosen for the remainder of this 

study. For all contact pressure plots presented in the following sections, the associated stresses 

where then plotted and compared with each other in order to distinguish between numerical 

artefacts or wrinkling phenomena. 

Lastly, the mesh verification tool in Abaqus was used to check the mesh quality by the 

integrated mesh standard of the program. As no mesh errors were found, the mentioned mesh 

density was used within the parametric study, and the average simulation run time was reduced 

to 7 hours. 

8.3.2 Results and Discussion 

8.3.2.1 Effect of Laminate Thickness to Corner Radius Ratio and Relative Humidity on 

Corner Pressure Distribution 

The contact pressure distributions presented in this section were extracted along the middle 

element path of the outermost ply adjacent to the mould surface. The dependency of the contact 

pressure on the laminate thickness to corner radius ratio, and on absorbed moisture during the 

debulking process of a cross-plied sample is presented in Figure 8-18 to Figure 8-20. Figure 

8-18 presents the predicted compaction pressure distributions at the mould surface within a 10, 

14, and 20 mm radius corner, exerted by a 4.8 mm CP laminate, conditioned at 40% relative 

humidity. The results show that a smaller mould radius leads to a reduced compaction pressure 

in the corner area, which correlates to the Tekscan pressure measurement results in Section 7.5. 

Additionally, sudden low-pressure peaks can be found at the transition zone between the corner 

and flat area within the 10 and 14 mm mould, indicating the possible onset of wrinkling. In 
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contrast, the pressure distribution within the 20 mm radius mould shows a smooth transition 

without sudden pressure inhomogeneities. When comparing the 40% RH results to the pressure 

distributions for samples conditioned at 60% RH (Figure 8-19) and 90% RH samples (Figure 

8-20), the model predictions show a decrease in compaction pressure for samples conditioned 

at higher humidity within all corner radii. Especially the results of the 90% RH samples show 

that the model predicts corner pressures of effectively zero, for the 14 and 10 mm radii. Based 

on the experimental observations, these predictions seem unrealistic as the lowest average 

pressure measured within the 10 mm radius was 30 kPa. A detailed comparison between the 

simulation and the experimental results will be made later within this Section. Furthermore, 

the pressure irregularities found within the corner transition area increase for the 90% RH 

samples. 

 

  
Figure 8-18: Simulation results of the pressure distribution during debulking for different laminate 

thickness to corner radius ratios, exerted by a 0°/90° laminate at 40% RH 
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Figure 8-19: Simulation results of the pressure distribution during debulking for different laminate 

thickness to corner radius ratios, exerted by a 0°/90° laminate at 60% RH 

 

 

  
Figure 8-20: Simulation results of the pressure distribution during debulking for different laminate 

thickness to corner radius ratios, exerted by a 0°/90° laminate at 90% RH 
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The same trend in the pressure distribution during autoclave consolidation at 400 kPa for 40, 

60 and 90% RH cross-plied samples can be seen in Figure 8-21 to Figure 8-23, respectively. 

Overall, the variation between the sidewall and corner compaction pressure decreases with 

higher applied external pressure. A consistent decrease in the corner compaction pressure can 

still be seen for higher humidity and decreasing corner radii. Compared to the 40 and 60% RH 

corner transition areas, a sharp, almost instant pressure drop occurs within all corner radii for 

samples conditioned at 90% humidity, with an additional pressure increase in the transition 

zone. Furthermore, the 90% RH corner pressure distributions show a more or less constant 

pressure within the corner curve with pressure inhomogeneities, compared to a smooth shaped 

curve within the corner area of the 40% and 60% RH samples. The reason for the constant 

corner pressure is because the compaction limit at the outside of the corner radius is reached 

earlier for 90% RH laminates compared to the compaction limits at 40 and 90% RH, as seen 

earlier in Figure 8-8. However, the minimum compaction pressure at the corner centre was 

reached in all cases. 

 

   
Figure 8-21: Simulation results of the pressure distribution during autoclave consolidation for different 

laminate thickness to corner radius ratios, exerted by a 0°/90° laminate at 40% RH 
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Figure 8-22: Simulation results of the pressure distribution during autoclave consolidation for different 

laminate thickness to corner radius ratios, exerted by a 0°/90° laminate at 60% RH 

 

 

   
Figure 8-23: Simulation results of the pressure distribution during autoclave consolidation for different 

laminate thickness to corner radius ratios, exerted by a 0°/90° laminate at 90% RH 
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A summary of all predicted corner pressure values during the debulking and autoclave 

consolidation is given in Figure 8-24. Each plotted value represents the average taken between 

±5 mm from the corner centre. A linear increase in corner pressure with an increasing corner 

radius can be seen for the debulking (Figure 8-24 a) and autoclave consolidation (Figure 8-24 

b) process steps.  

a) b) 

 
Figure 8-24: Predicted centre corner pressure for various corner radii and humidity levels during a) 

Debulking and b) Autoclave consolidation 

By comparing the percentage reduction in compaction pressure between the debulking and 

autoclave consolidation pressure, it can be seen that the pressure variation between the flat and 

corner areas is predicted to decrease with higher applied pressure, as shown in Figure 8-25. 

Furthermore, the effect of humidity decreases with a higher applied pressure, which might be 

due to the fact that the higher applied pressure overcomes the interply friction resistance and 

induces ply slippage leading to a higher compaction pressure in the corner. 
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Figure 8-25: Percentage corner pressure reduction for various corner radii and humidity levels during 

debulking and autoclave consolidation 

The comparison between the experimentally obtained pressure distributions to the model 

predictions, for 40, 60 and 90% RH cross-plied laminates, are shown in Figure 8-26 to Figure 

8-28 respectively. It can be observed that the model predictions overestimated the pressure 

reduction for each case. Furthermore, a steeper pressure drop between the flat and corner region 

was predicted by the model, especially for the 90% RH samples and the 10 mm mould radius, 

which can also be related to the overall lower compaction pressure predicted. However, the 

simulation predicts the same trend as the experiments, showing a reduced compaction pressure 

in corners for higher humidity and increased laminate thickness to corner radius ratio. Figure 

8-29 compares the average corner pressure within ±5 mm from the corner centre, between the 

model predictions and the experimental results. 

 
Figure 8-26: Pressure distributions for 40% RH cross-plied laminates, comparing the simulation results 

to the experimental results 

0

10

20

30

40

50

60

70

80

90

100

Debulk Autoclave Debulk Autoclave Debulk Autoclave

10mm Radius 14mm Radius 20mm Radius

C
or

ne
r 

P
re

ss
ur

e 
R

ed
uc

tio
n 

(%
)

40% Humidity 60% Humidity 90% Humidity

0

20

40

60

80

100

120

-30 -20 -10 0 10 20 30

P
re

ss
ur

e 
(k

P
a)

Corner Position (mm)
40% RH_10mm Tekscan 40% RH_10mm Simulation
40% RH_14mm Tekscan 40% RH_14mm Simulation
40% RH_20mm Tekscan 40% RH_20mm Simulation



 

169 
 

 
Figure 8-27: Pressure distributions for 60% RH cross-plied laminates, comparing the simulation results 

to the experimental results 

 

 
Figure 8-28: Pressure distributions for 90% RH cross-plied laminates, comparing the simulation results 

to the experimental results 
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Figure 8-29: Comparison of the average corner compaction pressure results (Experiment versus 

Simulation) 

The reason for the overestimation in the reduction of the compaction pressure might be that the 

additional forces, acting perpendicular to the laminate xz- and xy-plane, are neglected within 

the model. The model assumes that the consolidation pressure (Pc) is equally distributed, 

perpendicular to the top surface of the vacuum bag, as illustrated in Figure 8-30. However, 

within the Tekscan debulking experiments, the vacuum bag wrapped firmly around the edges 

of the laminate. Hence the additional pressures (Pz and Py) squeezed the laminate into the corner 

region, potentially leading to a higher compaction pressure in the experiments. 

 
Figure 8-30: Model corner cross-section showing applied forces during consolidation 
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To validate this hypothesis, further simulations were carried out, including the additional 

vacuum bag pressures. The additional pressures acting on the xy- and xz-plane of the prepreg 

plies were linked to the load amplitudes applied on the top vacuum bag surface. The predicted 

corner pressures within a 10 mm corner radius, of cross-plied samples, conditioned at 40, 60 

and 90% RH, are shown in Figure 8-31. The results show that the additional applied pressure 

on the sidewalls of the prepreg laminate significantly increases the corner pressure, indicating 

the importance of the additional vacuum bag pressure. However, applying the same pressure 

on the xy- and xz-plane of the prepreg plies represents the ideal case in which the vacuum bag 

is perfectly wrapped around the laminate. It can be assumed that not only vacuum bag bridging 

can occur in the corner area but also around the edges of the laminate, depending on the vacuum 

bag set up. Thus, the application of the vacuum bag around the edges plays an additional 

significant role in the overall compaction pressure within the corner regions. 

 
Figure 8-31: Comparison of experimental results to the model predictions, with and without additional 

pressure applied 

 

8.3.2.2 Effect of the Laminate Stacking Sequence on the Corner Pressure Distribution 

To investigate the effect of the laminate stacking sequence on the corner pressure distribution, 

the cross-plied laminate modelled in the previous section was interchanged with a 

unidirectional stack of purely 90° fibre orientations. Figure 8-32 to Figure 8-34 show the 

pressure distributions for the unidirectional 4.8 mm thickness laminate, for varying mould radii 
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obtained from cross plied laminates. Again, sudden severe low-pressure drops were observed 

within the transition of the corner to the sidewall area. The severity of these pressure drops 

increase for smaller corner radii and increasing humidity. As some of the pressure 

inhomogeneities occur within an area spanning more than three elements, this phenomenon 

could be explained by the lower ply/laminate bending stiffness, compared to a cross-plied 

laminate, and the related possible increased laminate movement in through-thickness direction, 

creating micro wrinkles.  

 

  
Figure 8-32: Simulation results of the pressure distribution during debulking for different laminate 

thickness to corner radius ratios, exerted by a 90° laminate at 40% RH 
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Figure 8-33: Simulation results of the pressure distribution during debulking for different laminate 

thickness to corner radius ratios, exerted by a 90° laminate at 60% RH 

 

 

  
Figure 8-34: Simulation results of the pressure distribution during debulking for different laminate 

thickness to corner radius ratios, exerted by a 90° laminate at 90% RH 
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As mentioned earlier, to validate the assumption of micro-wrinkling and exclude the possibility 

of numerical artefacts, the internal normal stresses and displacements along the same element 

path were extracted. Figure 8-35 and Figure 8-36 show the exemplary ply through-thickness 

stress and displacement, respectively, of the ply adjacent to the mould surface of a 90% RH 

sample within a 10 mm corner radius. Compared to the contact pressure plots, the stress peaks 

observed in Figure 8-35 correspond to some of the contact pressure peaks found in Figure 8-34. 

The high contact pressure peaks, however, do not appear within the stress plots. By further 

comparing the stress peaks to the element displacement plot shown in Figure 8-36 it can be 

seen that the positions of the peaks correlate, showing a higher displacement (possibly related 

to wrinkling) at low stress and contact pressure peaks. Figure 8-37 illustrates the onset of 

wrinkling during the debulking process and autoclave consolidation. 

 
Figure 8-35: Through thickness stress within a ply along the element path adjacent to the mould surface 

of a unidirectional 90% RH laminate within a 10 mm radius mould corner 

 
Figure 8-36: Ply displacement along the element path adjacent to the mould surface of a unidirectional, 

90% RH laminate, within a 10 mm radius mould corner 
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a) b) 

  
Figure 8-37: Contact pressure distribution of a cross plied 90% RH laminate within a 10 mm radius 

mould showing the onset of wrinkling within the corner transition zone a) Debulking process b) 
Autoclave process  

Although the predicted pressure distribution within the corner region exhibited severe pressure 

inhomogeneities, it can be seen that the reduction in corner pressure is less for unidirectional 

laminates compared to the reduction in corner compaction pressure for cross-plied laminates. 

This trend was also observed within the experimental compaction pressure measurements 

discussed in Section 7.5. 

The same trend in the pressure distribution during autoclave consolidation at 400 kPa for 40, 

60 and 90% RH unidirectional laminates can be seen in Figure 8-38 to Figure 8-40, 

respectively. Overall, the variations in the pressure distribution increases with increased 

applied pressure. As was seen in the results for cross-plied samples, the corner pressure also 

increases within the corner area with higher applied pressure. 
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Figure 8-38: Simulation results of the pressure distribution during autoclave consolidation for different 

laminate thickness to corner radius ratios, exerted by a 90° laminate at 40% RH 

 

 

Figure 8-39: Simulation results of the pressure distribution during autoclave consolidation for different 
laminate thickness to corner radius ratios, exerted by a 90° laminate at 60% RH 
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Figure 8-40: Simulation results of the pressure distribution during autoclave consolidation for different 

laminate thickness to corner radius ratios, exerted by a 90° laminate at 90% RH 

After comparing the stress values to the contact pressure plots and the related ply displacements 

for all sample variations, the maximum micro-wrinkling amplitude in the z-direction of the 

first laid-up ply could be extracted, as shown in Figure 8-41. The results demonstrate that with 

an increase in humidity, the wrinkling amplitude for all sample configurations increases. 

However, the effect is considerably higher for 90° unidirectional laminates, due to the lower 

ply bending stiffness and the resultant increase in the prepreg mass flow [66]. The influence of 

the laminate thickness to corner radius ratio has only a small effect on the wrinkling amplitude 

of cross-plied samples compared to the significant impact on the unidirectional samples, which 

show a reduced wrinkling amplitude for increasing corner radii. Again, this can be explained 

by the reduced ply bending stiffness due to the 90° fibre orientation which is even further 

reduced at higher humidity levels due to the decrease in resin viscosity, as explained in Section 

6.1. Additionally, the interply friction between the prepreg/Teflon interface decreases with 

higher humidity, as discussed in Section 6.4, which enhances the prepreg laminate mass flow 

even further. However, no severe wrinkling with large amplitudes is predicted by the model, 

as was seen in the corner cross sections investigated within the experimental program, 

discussed in Section 5. 
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Figure 8-41: Maximum micro-wrinkling amplitude for varying corner radii, humidity level and laminate 

stacking sequences 

One reason that the model did not predict higher wrinkling amplitudes might again be that the 

additional forces, acting perpendicular to the laminate xz- and xy-plane, are neglected within 

the model, as illustrated in Figure 8-30. However, within the experimental vacuum setup, the 

vacuum bag reaches around the edges of the laminate. When vacuum is applied, the vacuum 

bag wraps firmly around the edges, and the internal bag pressure acts on every laminate plane. 

The additional pressure (Pz and Py) during debulking and autoclave consolidation, compress 

the laminate into the corner region, inducing ply/laminate movement. In combination with a 

lack of compaction pressure in the corner region and the onset of micro wrinkling, the laminate 

stack will then wrinkle in the corner area. Additionally, the reduced friction between the 

prepreg/Teflon surface at higher moisture content will facilitate the laminate stack movement, 

increasing the chance of wrinkling. As the vacuum bag within the model does not wrap around 

the edges of the laminate, the additional pressures (Pz and Py) are missing, leading to reduced 

wrinkling compared to the experimental results found in Section 5. 

8.4 Conclusion 

A parametric numerical model was proposed, utilising a novel hyper-viscoelastic consolidation 

model for toughened prepreg systems developed by Belnoue [137], in order to investigate the 

effects of relative humidity and the associated changing prepreg characteristics on the pressure 

distribution in concave corners. Additionally, the effects of the laminate thickness to corner 

radius ratio and fibre orientations on the resultant compaction pressure in corners were 

investigated. 
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Initial laminate compaction verification simulations were conducted on flat and cross-plied 

samples and compared to the experimentally obtained data from the compaction tests discussed 

in Section 6.5. The predicted compaction limits for samples compressed at temperatures 

between 20°C and 80°C and 40, 60 and 90% relative humidity showed good agreement to the 

experimental results obtained for the debulking process, and the maximum applied pressure 

during the autoclave consolidation step. With the confidence gained in the model from these 

comparisons, the effect of humidity on the pressure distribution in concave corners during the 

debulking and autoclave consolidation could be investigated. 

The model predictions showed a general decrease in compaction pressure during the debulking 

and autoclave consolidation within every corner radius, for cross-plied and unidirectional 

stacked laminates. However, a decreasing corner radius led to a higher reduction in the corner 

compaction pressure. Furthermore, the compaction pressure was predicted to reduce even 

further for samples conditioned at higher humidity, due to the changing prepreg consolidation 

characteristics, such as a higher bulk factor and increasing prepreg interply friction. In addition 

to this, 90° unidirectional laminates showed an overall higher compaction pressure compared 

to cross plied samples. The lower ply bending stiffness for 90° plies and the associated higher 

ply movement and prepreg mass flow into the corner region led to an overall higher compaction 

pressure. These results followed the same trend as seen in the experimental Tekscan 

compaction pressure distribution measurements, discussed in Section 7.5. However, by 

comparing the model predictions to the experimental results, it could be seen, that the 

simulation predictions overestimated the reduction in compaction pressure for every simulated 

case. It was found that the additional vacuum pressure acting at the top and bottom plane of the 

laminate, which was neglected in the previous simulations, had a significant effect on the final 

corner compaction pressure. The results showed that the additional applied pressures initiate 

ply movement and squeezed the laminate into the corner region, ultimately leading to a 

significant increase in compaction pressure. 

High- and low-pressure peaks were found within the transition zone between the corner and 

sidewall areas indicating the onset of wrinkling. The peaks were found to increase within 

smaller corner radii and samples higher of higher moisture content, especially within 90° 

unidirectional laminates. These pressure peaks have been identified as partially numerical 

artefacts due to the high gradients in stress and contact pressure in areas where micro wrinkling 

occurred. However, as the low-pressure peaks corresponded to the ply peak amplitude, it could 

be qualitatively demonstrated that the onset of wrinkling occurred. The presented results 
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demonstrate that increasing humidity and decreasing corner radii increased the peak amplitude 

of the ply adjacent to the mould surface, especially for the 90° unidirectional laminates. 
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Conclusions and Future Work 
 

 

9.1 Summary 

A variety of material and process parameters influence the complex consolidation behaviour 

of prepreg materials during the autoclave and OOA manufacturing process. Although a 

considerable amount of research has been conducted on the influence of various material and 

process parameters on the laminate consolidation quality, defects such as voids, wrinkling and 

inhomogeneous fibre volume fractions are still commonly found within complex part 

geometries. A review of prior literature has shown that only limited research has been 

conducted on how environmental conditions during the layup and debulking steps influences 

uncured prepreg characteristics and the associated consolidation behaviour within each 

autoclave or OOA processing step. This research has sought to gain an improved understanding 

of the effects of temperature and relative humidity during the layup and debulking process on 

the defect formation in concave corners during autoclave prepreg processing. In addition, the 

effect of process parameters such as laminate thickness to corner radius ratios and laminate 

fibre orientations on the defect formation were investigated. With a better understanding of the 

effects of the previously mentioned parameters on defect formation, the process robustness and 

part quality can be enhanced, and manufacturing costs reduced. 



 

182 
 

9.1.1 Material Characterisation of the Applied Prepreg System 

Initial prepreg moisture absorption experiments have shown that it takes 25 hours for a single 

300 gsm prepreg layer to be fully saturated with moisture, independent of the RH level. The 

effect of the applied vacuum pressure during the debulking process on the fully saturated 

prepreg layers has shown, to be not sufficient enough to fully dry the absorbed moisture. 

Although an initial decrease in moisture could be detected, by forcing the water molecules to 

flow through the initial interconnected fibre network out of the uncompacted sample, the 

applied vacuum bag pressure eventually closed the interconnected evacuation channels. As a 

result, more than 90% of the absorbed moisture was still captured in the material even after a 

debulking time of 90 minutes. 

A comprehensive prepreg experimental program was conducted to characterise the uncured 

prepreg material exposed to 40, 60 and 90% RH for 24 hours at a constant 21°C. Studies 

undertaken included assessing the impact of humidity on the resin viscosity, prepreg tack, 

compaction behaviour, bending stiffness, interply friction, resin glass transition temperature 

and degree of cure. Additionally, the effect of elevated temperatures on the prepreg 

characteristics was included in this study. 

It was found that the absorbed moisture effected all investigated parameters that influence the 

layup quality and consolidation behaviour during the debulking and autoclave consolidation 

process. The results demonstrated that the resin viscosity of prepreg samples conditioned at 

90% relative humidity at 21°C, decreased by 35% compared to samples conditioned at 40% 

RH. A humidity dependant decrease in viscosity was visible over the whole temperature range 

between 21°C to 80°C but the effect of humidity decreased with increasing temperature. 

However, as the resin viscosity is affected by the absorbed moisture all other investigated resin 

dependent prepreg characteristics have shown to be affected as well. It was shown that a higher 

humidity increased the prepreg tack and therefore also the prepreg interply friction. 

Furthermore, the reduced resin viscosity led to a higher laminate compressibility and reduced 

the ply bending stiffness. In addition to this, the absorbed water molecules degraded the resin 

glass transition temperature and degree of cure. However, the results of the CLC, ILSS and 

glass transition temperature experiments have shown that humidity during processing has only 

minor effects on mechanical properties of the autoclave consolidated flat laminate. 
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9.1.2 Compaction Pressure Distribution during Debulking in Concave Corners 

The effect of the prepreg laminate thickness to corner radius ratio, as well as the laminate fibre 

orientation, on the pressure distribution during debulking was investigated. It was found that 

decreasing corner radii significantly reduces the compaction pressure in concave corner areas. 

Having a constant laminate thickness of 4.8 mm the compaction pressure reduced by 50% 

between a 20 and 10 mm corner radius. The effect of the fibre orientation has shown that cross-

plied (0°/90°) laminate stacks exhibit higher compaction pressure reductions compared to 

unidirectional laminates having only fibre orientations running around the corner radius. This 

phenomenon could be explained by the lower ply bending stiffness of 90° plies and the 

associated increased mass flow into the corner region. 

Furthermore, it has been shown that the compaction pressure in corners is reduced for laminates 

conditioned at higher humidity. It was found that the corner compaction pressure within a 10 

mm corner radius is further reduced by 20% at 90% relative humidity compared to the 

compaction pressure at 40% relative humidity. Within a 20 mm corner radius the difference in 

compaction pressure between the 40% and 90% humidity is reduced to 13%. The reduced 

compaction pressure can be explained by the higher laminate compressibility and the increased 

prepreg interply friction at higher humidity. As the laminate thickness reduces during the 

debulking process, the plies must slip relative to each other in order to properly conform and 

transfer the compaction pressure to its adjacent surface. A higher laminate compressibility 

increases the distance the plies must slip whereas the higher interply friction prevents the plies 

to slip. Hence the compaction pressure is reduced during the debulking step in material 

conditioned at higher humidity. 

Additionally, it was found that decreasing corner radii and increasing prepreg tack at higher 

moisture content increased the risk of inducing defects, such as ply bridging and wrinkling, 

already during the layup process. As the pressure distribution was recorded for each debulking 

step after every 4th laid up ply, it could be shown that the applied debulking pressure was not 

sufficient to mitigate induced defects during the debulking steps regardless of the humidity 

level. 
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9.1.3 Understanding the Contribution of Autoclave Processing Steps on Evolving 

Defects 

Further studies were carried out to investigate the effects of relative humidity and the associated 

changes in prepreg characteristics on the defect formation during the debulking and autoclave 

curing step. 

During the laminate layup process, it was found that the higher prepreg tack at higher humidity 

made it more difficult to achieve a constant high-quality layup which has also been observed 

during the Tekscan pressure measurements. Higher tack makes it more difficult to form and 

adjust layers in corners, therefore increasing the chance of induced ply bridging and voids. The 

results of the image analysis of debulked corner cross sections confirmed that laminates laid 

up at 90% humidity had an increased void content of 11.8% compared to samples laid up at 

40% RH showing a void content of 8.5%. Due to the higher void content and the reduced 

compaction pressure during debulking of the higher moisture content samples, the corner 

thickening was also increased. It was shown that the induced voids and ply bridging could not 

be suppressed by the debulking consolidation pressure, as confirmed by the Tekscan pressure 

measurement experiments. Thus, the air voids and ply bridging are carried further into the 

autoclave consolidation process where they drive the formation of vapour voids and wrinkling. 

As the temperature in the autoclave increases, the remaining absorbed water molecules can 

diffuse out of the resin into the air voids. Due to the reduced corner compaction pressure, the 

vapour pressure can exceed the resin pressure ultimately leading to void formation despite the 

high applied autoclave pressure. However, the applied external pressure reduced the overall 

void content to 2.2% (40% RH) and 6.4% (90% RH). In contrast, the void content for cured 

flat samples was below 1% independent of the humidity level, confirming the influence of the 

part geometry and associated reduced consolidation pressure on the defect formation. 

Furthermore, the combination of the free volume within the laminate and the increased tension 

within the bridged plies allowed the plies to move in the through-thickness direction, creating 

wrinkling, as the resin viscosity drops. Due to the increased free volume within the corner of a 

laminate laid up at 90% RH, in combination with the lower resin viscosity, the higher 

compressibility, the reduced friction between the ply and tool interfaces, and the overall lower 

compaction pressure at higher humidity, the occurrence and severity of wrinkling was 

increased. 
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9.1.4 Development of a Numerical Laminate Consolidation Model in Corners during 

Autoclave Processing 

A novel parametric numerical model was developed to study the effect of relative humidity 

and the mould corner radius on the consolidation behaviour of a toughened prepreg laminate 

in L-shaped corners during debulking and autoclave consolidation. A hyper-viscoelastic user 

material (UMAT) model developed by Belnoue [137] was implemented in the numerical 

simulation software Abaqus Standard, to simulate the consolidation behaviour of the toughened 

prepreg material system used within this study. The prepreg consolidation model required three 

main parameters extracted from laminate compaction tests. As laminate compactions test were 

previously conducted within this study, three sets of parameters could be extracted for 

laminates compacted at 40%, 60% and 90% RH for various temperatures. Thus, the effect of 

absorbed moisture on the consolidation behaviour could be investigated. Furthermore, the 

effect of absorbed moisture on the interply and tool/part friction were considered. In addition 

to this, the effect of the laminate thickness to corner radius ratio as well as the laminate stacking 

sequences were investigated. 

It was found that the parametric model predicts the same trends that were demonstrated by the 

experimental results. The simulation predicted a reduction in the corner pressure distribution 

for increasing laminate thickness to corner radius ratios. Moreover, a higher reduction in the 

corner consolidation pressure was predicted for laminates having a cross-plied laminate 

arrangement with 0° and 90° fibre orientations, when compared to a unidirectional laminate 

stack of purely 90° plies. In addition, a higher reduction in the compaction pressure in corners 

was predicted for laminates conditioned at higher humidity which corresponds to the 

experimental obtained results. Also, it was shown that higher humidity increased the onset of 

wrinkling, in particular for unidirectional laminates having fibre orientations running around 

the corner radius. 

However, the presented model overestimated the reduction in the corner compaction pressure 

in all cases and underestimated the severity of wrinkling. It was found that one reason for the 

high difference between the experimental and simulated results is that the vacuum bag 

consolidation pressure was only applied perpendicular on top of the vacuum bag. However, in 

the experimental setup the vacuum bag also reached around the laminate edges. Therefore, 

additional pressures are applied on each sidewall of the prepreg laminate. It was found that the 

corner pressure significantly increases when additional vacuum bag pressures are applied on 
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the laminate flanks parallel to the corner radius. These results suggest that the application 

methodology of the vacuum bag plays a significant role in the pressure distribution in complex 

geometries, and thus the defect formation. 

9.2 Original Contributions 

This research has provided a number of original contributions to the field of autoclave and out-

of-autoclave processing of fibre reinforced plastics, in order to provide a deeper understanding 

of defect formation in concave corner areas during the consolidation of toughened prepreg 

systems. These are summarized in the following: 

9.2.1 Effects of Environmental Conditions on Uncured Prepreg Characteristics 

This work represents the first comprehensive investigation on the effects of relative humidity 

on uncured prepreg characteristics that are important in terms of the consolidation quality of 

laminates in complex geometries. It is demonstrated that relative humidity in a production 

environment is a key factor that influences the consolidation quality in concave corners. 

9.2.2 Compaction Pressure Distribution during the Debulking Process 

This work represents the first comprehensive investigation on the effects of process parameters 

and environmental conditions on the prepreg laminate consolidation pressure in concave 

corners during the debulking process. A novel approach to measure the compaction pressure 

in corners during processing is applied, utilising a thin and flexible, high resolution I-Scan® 

Tekscan pressure mapping sensor. Key process parameters could be identified that strongly 

influence the consolidation pressure and defect formation in corners. 

9.2.3 Defect Formation during Autoclave Processing 

This work represents the first comprehensive investigation on the effect of relative humidity 

during prepreg processing, including the contribution of each autoclave processing step (e.g. 

layup, debulking, autoclave consolidation) on the defect formation in concave corners. The 

results demonstrate that relative humidity during the layup and debulking step significantly 

impact the formation of defects such as voids and wrinkles. Furthermore, the results show that 

a significant number of voids are already induced during the layup process. 

9.2.4 Parametric Prepreg Laminate Consolidation Simulation 

A novel numerical consolidation simulation for uncured toughened prepreg systems is 

developed. The model supports parametric studies on the effects of process parameters and 
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environmental conditions on the laminate consolidation quality in concave corners. The 

simulation utilises a provided hyper-viscoelastic consolidation model, implemented as a user 

material description (UMAT) in the numerical simulation software Abaqus standard. The 

model has shown to have great potential as a tool to support process design methodologies. 

9.3 Future Work 

During this research, several further areas for investigation were identified and are presented 

below: 

9.3.1 Characterisation Methods for Uncured Prepreg Systems 

 Development of a more reliable standardised interply friction measurement test method 

as the literature review has shown a significant variation between the state-of-the-art 

measurement techniques available. 

 Development of a test method capable of measuring the low bending stiffness of a 

single unidirectional uncured prepreg for various fibre orientations utilizing dynamic 

mechanical analysis. 

9.3.2 Prepreg Laminate Consolidation Characterisation 

 Investigation on the effects of high temperature and high external pressure within the 

autoclave consolidation process on the corner pressure distribution utilizing high 

temperature pressure mapping sensors. 

 As the resin pressure is one of the most critical parameters that influences void 

formation, the resin pressure development and resin flow behaviour in complex 

geometries during consolidation needs to be investigated. 

9.3.3 Effects of Relative Humidity and Resin Characterisation  

 Detailed investigation of the chemical bonding mechanisms of water molecules to 

uncured epoxy resins and how they affect the resin cure reaction. 

 Investigation and comparison of the effects of relative humidity on prepreg 

characteristics for different material systems. 

 Development of an analytical model to predict the desorption characteristics during the 

debulking process of large scale and thick laminates. 
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9.3.4 Numerical Prepreg Laminate Consolidation Simulation 

 Further verification of the used hyper-viscoelastic consolidation model for toughened 

prepreg systems and computational optimization to reduce the calculation time. 

 Implementation of the humidity dependant parameter prepreg tack, to improve the 

accuracy of the ply separation and wrinkling behaviour. 

 Implementation of a multiphase material system in order to simulate the resin squeezing 

and percolation flow through the fibrous phase at low resin viscosities during autoclave 

consolidation. 
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