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Resumen  

Normalmente, la fabricación de materiales compuestos de altas prestaciones se 

realiza en autoclave mediante el uso de preimpregnados y con la aplicación de forma conjunta 

de altas presiones y temperaturas, consiguiendo así reducir la porosidad del material 

garantizando unas buenas propiedades mecánicas. No obstante, este sistema de fabricación 

conlleva tiempos de producción largos y grandes inversiones en equipamiento, por lo que se 

ha generado un aumento de la demanda de sistemas de fabricación alternativos. En esta tesis 

se muestran los procedimientos experimentales para desarrollar una ruta de procesamiento 

para la fabricación de piezas de material compuesto parcialmente curados capaces de ser 

post-curados y consolidados con sus homólogos frescos tradicionales con el objetivo de 

producir estructuras integradas de una sola vez, reduciendo así costes y tiempo. Los 

materiales parcialmente curados fueron fabricados a partir de tejidos secos de carbono y 

resina epoxi mediante la técnica de moldeo por transferencia de resina asistida con vacío 

(VaRTM). La temperatura de transición vítrea Tg de la pieza parcialmente curada debe estar 

entre dos límites. Por un lado, la temperatura de transición vítrea debe ser lo suficientemente 

alta para mantener la pegajosidad y la deformabilidad dentro de un rango aceptable. Por otro 

lado, la temperatura de transición vítrea debe ser lo suficientemente baja para proporcionar 

una buena adaptabilidad de la pieza de material compuesto en el ciclo de post-curado 

posterior. La homogeneidad de la temperatura del molde fue crucial para alcanzar los grados 

específicos de curado necesarios para la integración posterior. Para este fin, se diseñaron dos 

moldes, uno plano y otro en forma de T, ambos equipados con un número de resistencias 

independientes para permitir así un control detallado de la temperatura de la pieza de 

material compuesto. La reacción exotérmica de la resina epoxi fue controlada en función del 

ciclo de curado específico. El ciclo de curado se determinó en función de algunos ensayos 

realizados a muestras extraídas de la pieza parcialmente curada usando para ello calorimetría 

diferencial de barrido (DSC) y análisis mecánico-dinámico (DMA). Siguiendo este 

procedimiento, será posible fabricar partes finales de una manera estándar (por ejemplo, de 

soporte) con un grado homogéneo de curado. Los elementos fabricados fueron almacenados 

en frío como ocurre con los preimpregnados estándar antes de la integración posterior con 



v 

 

pieles de preimpregnado frescas y curadas. Asegurar un adecuado grado de curado es la clave 

de este trabajo, al igual que lograr que la pieza de material compuesto parcialmente curada 

fuera capaz de adaptarse a las diferentes geometrías de la piel manteniendo la geometría de 

la pieza fabricada y sin efecto del sangrado de la resina del material parcialmente curado. Con 

ello nuestro objetivo de producir estructuras integradas de una sola vez, reduciendo así costes 

y tiempo en el proceso de fabricación por autoclave se veía cumplido.   
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Abstract 

Typically, the manufacture of high-performance composite materials by autoclave 

with the use of prepregs and with the joint application of high pressures and temperatures, 

thus reducing the porosity of the material guaranteeing good mechanical properties. 

However, this manufacturing system involves long production times and large investments in 

equipment, resulting in increased demand for alternative manufacturing systems. This thesis 

shows the experimental procedures to develop a processing route for the manufacture of 

partially-cured composite materials capable of being post-cured and consolidated with their 

traditional fresh counterparts with the aim of producing integrated structures one-shot, thus 

reducing costs and time. Partially-cured materials were manufactured from dry carbon fabrics 

and epoxy resin using the Vacuum assisted Resin Transfer Moulding (VaRTM) process. The 

glass transition temperature, Tg, of the partially-cured material must be within two limits. On 

the one hand, the glass transition temperature should be high enough to keep the sticky and 

deformity within an acceptable range. On the other hand, the glass transition temperature 

should be sufficiently low to provide a good adaptability of the composite material in the later 

post-cure cycle. The homogeneity of the mould temperature was crucial to reach the specific 

degrees of curing needed for subsequent integration. For this purpose, two moulds were 

designed, one flat and the other in T-shape, both equipped with a number of independent 

resistances to allow a detailed control of the temperature of the composite material. The 

exothermic reaction of the epoxy resin was controlled according to the specific curing cycle. 

The curing cycle was determined on the basis of some tests carried out on samples taken from 

the partially-cured material using Differential Scanning Calorimetry (DSC) and Mechanical-

Dynamic Analysis (DMA). Following this procedure, it will be possible to manufacture final 

materials in a standard (for example, support) way with a homogeneous degree of curing. The 

manufactured materials were stored cold as is the case with the standard prepregs before 

subsequent integration with fresh and cured prepregs skins. Ensuring an adequate degree of 

curing is the key to this work, as well as ensuring that the partially-cured material was able to 

adapt to the different geometries of the skin maintaining the geometry of the manufactured 

material and without effect from the resin bleeding of the material partially-cured. With this 
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our objective of producing integrated structures one-shot, thus reducing costs and time in the 

autoclave manufacturing process was fulfilled. 
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1.1. Fibre Reinforced Polymers (FRP) 

Fibre Reinforced Polymer is a composite material consisting of a polymer matrix 

reinforced with fibres. The fibres are commonly carbon, glass, aramid or basalt, although 

other less common fibres such as boron, SiC, Al2O3, steel, wood, paper or asbestos have been 

sometimes used. The components that provide strength and stiffness is called reinforcement 

and can be in the form of short fibres, chopped fibres, long fibres and woven fibres; while the 

matrix is the component in which the reinforcement is embedded. The matrix can be divided 

into thermosets (epoxy, vinyl ester, unsaturated polyester, phenolic resins) and 

thermoplastics (polyamides, polyethylene, polycarbonate, polypropylene, polyvinylchloride, 

polystyrene, polyetheretherketone). In addition, elastomers are also reinforced by fibres for 

rubber products such as tires and conveyor belts [1]–[3]. 

Thermoset resins are commonly used for structural applications. These resins are 

those that cure through the application of thermal increase. The addition of a catalyst and/or 

heat or some other activator will initiate the chemical reaction. This reaction takes place 

during its heating/curing and they are solid after heating/curing. It is an irreversible chemical 

reaction in which permanent connections, cross-links, are made between the molecular 

chains of the material. These cross-links give a 3D structure, and a higher degree of rigidity. 

Thermoset polymers will not melt and will not return to the processing ability they had before 

cured. Thermoset polymers have better mechanical properties, chemical resistance, thermal 

stability and durability than other materials [4]–[6]. 

Thermoplastic resins suffer a thermal increase then turn flexible. These type of resins 

do not cure. Once the material is flexible it prepares to work. At high temperatures, the 

thermoplastic is more fluid and it can be injected into a mould. As it cools down, the 

thermoplastic will harden in the mould, but without chemical curing. There are not cross-links 

as with a thermoset resin. When enough heat is applied to the thermoplastic, the process is 

reversible. The thermoplastic material can be reprocessed many times, although continual 

recycling can degrade the polymer [4], [7]. 
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Thermoset polymers are harder, stiffer, more brittle and cheaper than thermoplastics, 

further less tougher, damage-tolerant and unable to be reshaped and melted. Nowadays, 

there is high demand in composite products because can perform in unique and often 

stringent environments. FRP is used for their ability to withstand highly corrosive and abrasive 

environments, prolonged exposure to heat, high strength requirements or any other 

circumstance where conventional construction materials have failed. Technological advances 

in the past 50 years have made FRP a superior material choice for many applications [4], [8], 

[9]. 

THERMOSETS THERMOPLASTICS 

ADVANTAGES 

High structural rigidity (more strength) 

Easy fibre reinforcement of liquid raw materials 

Heat and chemical resistance 

Economical raw materials 

High durability 

Ability of thick and thin wall formation 

Attractively finished product appearance 

The production process is well-established 

Highly adaptable design process 

Better wetting and adhesion properties 

High impact resistance (10 X thermosets) 

Easy repair 

Can be recycled and reused 

High chemical resistance 

Uncured thermoplastics do not need refrigerated 

storage 

Aesthetically better surface finishes 

They can be blended with other thermoplastic 

materials 

Environmentally friendly production (less emissions) 

 

DISADVANTAGES 

Recycling inability 

Repair difficulty 

Refrigerated storage required by liquid raw materials 

Lengthy, complex process stages 

Good surface finish is tough to accomplish 

Emission during production process 

Structural failure on high-force impact 

Inability to blend thermosets by welding 

Heat and pressure requirement for fibre 

reinforcement 

Heat and UV sensitivity 

High cost 

Structural failure on high stress or long-term load 

application 

Polymer degradation after constant remelting and 

remoulding 

Leaching of hazardous chemicals in the long run 

Table 1.1. Advantages and disadvantages between thermoplastics and thermosets [10]. 
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Figure 1.2. Difference between thermoplastics and thermosets [10]. 

These composites generally have high fibre content (>50% by volume) and possess 

high strength and modulus of elasticity. A hybrid composite is when two or more fibre 

materials are united in the FRP composite. Advantages for hybrids over conventional or 

advanced FRPs include balanced strength and stiffness, improved toughness and impact 

resistance, and reduced weight. Hybrid and advanced composites are used in aerospace 

applications. The most commonly used forms of the FRP is a laminar structure, made by 

stacking and bonding thin layers of fibre and polymer until the desired thickness is obtained. 

A specified level of anisotropy in the properties can be achieved in the laminate when you 

changing the fibre orientation between the layers. This method is used to form part of the 

thin cross-section, such as aircraft wing and fuselage sections, automobile and truck body 

panels, and boat hulls [2]. 

For the properties, there are a number of attributes that distinguish fibre reinforced 

polymers as engineering materials. Most notable are low specific gravity, high modulus-to-

weight ratio, and high strength-to-weight ratio. A typical FRP weighs about one-fifth as much 

as steel, however, strength and modulus are similar in the fibre direction. Table 1.2 compares 

these properties for several FRPs, steels, and an aluminium alloy. Properties listed in Table 

1.2 depend on the proportion of fibres in the composite. Tensile strength and elastic modulus 

increase as the fibre content is increased. Other properties and characteristics of fibre-

reinforced plastics include good corrosion resistance and fatigue strength, a low thermal 
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expansion for many FRPs, and considerable anisotropy in their properties. With regard to this 

last characteristic, the mechanical properties of the FRPs given in Table 1.2 are in the direction 

of the fibre. As noted above, their values are considerably less when measured in a different 

direction [2]. 

 
Indexa 

Material Specific 

Gravity (SG) 

Tensile Strength 

(TS) in MPa 

Elastic Modulus 

(E) in GPa 
TS/SG E/SG 

Low-C steel 7.87 345 207 1.0 1.0 

Alloy steel (heat treated) 7.87 3450 207 10.0 1.0 

Aluminium alloy (heat treated) 2.70 415 69 3.5 1.0 

FRP: Fibreglass in polyester 1.50 205 69 3.1 1.7 

FRP: Carbon in epoxyb 1.55 1500 140 22.3 3.4 

FRP: Carbon in epoxyc 1.65 1200 214 16.7 4.9 

FRP: Kevlar in epoxy matrix 1.40 1380 76 22.5 2.1 
aIndices are relative tensile strength-to-weight (TS/SG) and elastic modulus-to-weight (E/SG) ratios compared to low-C steel 

as the base (index = 1.0 for the base). 
bHigh tensile-strength carbon fibres used in FRP. 
cHigh modulus carbon fibres used in FRP. 

Properties are measured in the fibre direction. 

Table 1.2. Comparison of typical properties of fibre-reinforced polymers and representative metal alloys [2]. 

Over the past three decades, there has been a steady growth in the application of 

fibre-reinforced polymers in products needing high strength and low weight, commonly as 

substitutions for metals. The aerospace industry is one of the primary users of advanced 

composites. Designers continually try to reduce the weight of aircraft to increase fuel 

efficiency and loading capacity. The applications of advanced composites in military and 

commercial aircraft have constantly increased. Most of the structural weight of present 

airplanes and helicopters consists of FRPs (Figure 1.1). Composites are used for tail, wings, 

fuselage, doors and interior. The automotive sector is another important customer of 

composites. The most evident applications are FRP body panels for truck cabs and cars, other 

less evident are in certain chassis and engine parts. Automotive applications vary from those 

in aerospace in two significant areas. First, the requisite for the high strength-to-weight ratio 

is less exigent than for aircraft. Car and truck applications can use traditional fibreglass 

reinforced polymers rather than advanced composites. Second, production volume is much 

higher in automotive applications, needing more inexpensive methods of fabrication. 
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Constant use of low-carbon sheet steel in automobiles in view of FRP’s advantages is an 

indication of the low cost and processing capacity of steel. FRPs have been significantly 

accepted for sports and recreational equipment. Fibreglass reinforced polymer has been used 

for boat hulls since the 1940s. Fishing rods were another application. Today, FRPs are 

accounted in a wide variety of sports products, including football helmets, tennis rackets, 

bows and arrows, skis, golf club shafts, and bicycle wheels [2]. The main applications of FRPs 

can be seen in Figure 1.3. 

 

Figure 1.1. The AIRBUS A380 aircraft composite applications [11]. 

 

Figure 1.2. Composite components in the helicopter EC 145 T2 [12].  
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Figure 1.3. Global composites materials distribution by market segments in 2017 [13]. 

Main components in a fibre-reinforced composite material are the reinforcing fibres 

and a matrix, which behave as a binder for the fibres. Other components that can also be 

found are coatings, fillers, and coupling agents. Coatings and coupling agents are used to the 

fibres to increase their wetting with the matrix and promote bonding across the fibre–matrix 

interface. Both foster a better load transfer between the matrix and the fibres. Fillers are used 

with some polymeric matrices mainly to reduce costs and improve their dimensional stability. 

Manufacturing of a composite structure initiates with the integration of a large number of 

fibres into a thin layer of the matrix to create a lamina (ply) [14], [15].  
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Figure 1.4. Basic building blocks in fibre reinforced composites [14]. 

The thickness of a lamina is generally in the order of 0.1–1 mm. If continuous (long) 

fibres are used, they may be provided in a unidirectional orientation (i.e., all fibres in one 

direction, Figure 1.4a), in a bidirectional orientation (i.e., fibres in two directions, Figure 1.4b), 

or in a multidirectional orientation (i.e., fibres in more than two directions, Figure 1.4c). The 

bi- or multidirectional orientation of fibres is got with weaving or other processes used in the 

textile industry. The composite material has the highest modulus and strength in the 
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longitudinal direction of the fibres, for a lamina containing unidirectional fibres. On the other 

hand, in the transverse direction, its modulus and strength is very low. For a lamina containing 

bidirectional fibres, the modulus and strength may be different using different amounts of 

fibres in the longitudinal and transverse directions. These properties are the same in both 

directions for a balanced lamina. A lamina may also be made using discontinuous (short) fibres 

in a matrix. The discontinuous fibres can be arranged either in unidirectional orientation 

(Figure 1.4d) or in random orientation (Figure 1.4e). Discontinuous fibre-reinforced 

composites have lower modulus and strength than continuous fibre composites. Although, 

with random orientation of fibres (Figure 1.4e), it is possible to get equivalent physical and 

mechanical properties in all directions in the plane of the lamina [14]. 

1.2. Manufacturing Routes for FRP’s 

In relation to manufacturing advanced fibre-reinforced composites the most 

important characteristic to know is that the structure and the material are produced at the 

same time. Therefore, any defects that are caused during the manufacturing process directly 

influence the stiffness and strength of the material and structure. Every little aspect is 

important [16]. 

There are several methods of manufacturing composite components. Some methods 

have been adopted (e.g. injection moulding by the polymer industry), but many were created 

to meet specific design or manufacturing challenges against Fibre Reinforced Polymers. 

Therefore, the selection of a method for a given part will depend on the materials, the part 

design and the application [17]. FRP composite manufacturing systems can be grouped in 

different ways according to the raw material and manufacturing processes; however, there 

are no fast and strict rules for composites production. Moreover, the manufacturing 

techniques can be divided into three main groups [18]: 

• Laminated systems composed of a layer of dry or pre-impregnated sheets of fibre 

reinforcement. 
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• Moulded systems, the processing is carried out on a single or double-sided mould.  

• Continuous or semi-continuous automated processes (for example filament 

winding or pultrusion). 

In the last 40 years a large number of composite manufacturing processes have been 

developed, including resin transfer moulding (RTM), pultrusion, filament winding, vacuum 

bag/autoclave moulding, compression moulding, etc. All these processes have several 

characteristics in common; reinforcements are put in the required shape in a mould or tool, 

fibres and resin are brought together, possibly under high pressure and temperature to cure 

the resin, and the moulding removed from the part once the resin has cured. The different 

manufacture techniques can either be classified as direct processes (e.g. RTM, contact 

moulding, pultrusion) that use separate resin and fibres brought together at the moulding 

point, or indirect processes that use fibres pre-impregnated with resin (e.g. compression 

moulding, vacuum bag/autoclave moulding) [16]. 

The selection of the method for manufacturing will have a great effect on the 

mechanical properties, quality and fabrication cost of the component. An ideal process can 

be defined as having [16]: 

• High Productivity – short times of cycle, low labour. 

• Minimum materials cost – handling costs, low value-added materials, and low 

material storage. 

• Maximum property flexibility – variety of reinforcement types and matrix, ability 

to control mechanical properties and customized characteristics. 

• Maximum geometric flexibility – shape complex and size of the part. 

• Reliable and high-quality manufacturing – low variability, low rejection rates. 

• Minimum is finishing requirements – net shape manufacturing. 

No manufacturing process exists that can concurrently carry out all these 

requirements; especially, some of these requirements can be reciprocally unique. A 

comparison of the most common processes is shown in Figure 1.5 [16]. 
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Figure 1.5. Comparison of the most common processes [16]. 

1.2.1. Autoclave Moulding Process 

Autoclave moulding is commonly used in the aerospace industry for the production of 

high value composites from prepregs [19]. Autoclave moulding is similar to vacuum bag 

process, except that the lay-up is subjected to higher pressures and thicker parts are 

produced. As a result of an autoclave, component dimensions can be limited compared with 

the vacuum bag technique. The bagged lay-up is cured in an autoclave by the application of 

heat and pressure at the same time. Most autoclave processes use vacuum to help in the 

removal of trapped air or other volatiles (Figure 1.6). The vacuum and autoclave pressure 

cycles are modified to permit maximum removal of air without suffering an excessive resin 

flow. Vacuum is usually applied only in the initial stages of the curing cycle, while autoclave 

pressure is maintained during all process. Curing pressures are usually in a range of 3–14 bar. 

Compared with vacuum bag moulding, this process produces laminates with lower void 

content and closer control of thickness [20], [21], [22]. 
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Figure 1.6. Autoclave layout [20]. 

The heat transfer design of autoclaves is not easy. Both radiactive and convective heat 

transfer mechanisms occur and thermal resistance is a function of both the lay-up and the 

mould itself. Cycle times can be controlled by the heating phase of the process. An advantage 

of the autoclave is that components which may need secondary bonding can be co-cured in a 

single operation [20], [23].  

The autoclave moulding process is used mostly in the aerospace industry where high 

production rate is not important. It is used mostly for manufacturing composite parts. An 

autoclave system is a pressure vessel where a chemical reaction happens inside according to 

a specified cure cycle in order to process a range of materials. With the advancements in 

materials and processes, autoclave operating conditions go up to 700 °C and 15 MPa. The 

materials developed in autoclaves include carbon matrix materials, metal bonding adhesives, 

thermoplastic laminates, ceramic, and metal, together with other aerospace and electronic 

components. The remarkable components of an autoclave system are [24]:  

• A source of heat. 

• A pressure vessel. 

•    A system to pressurise the vessel. 

•    A fan to distribute gas inside equally within the vessel. 
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• A system to control operating parameters. 

• A system to apply a vacuum to parts covered by a vacuum bag. 

• A system to load the moulds into the autoclave.  

The autoclaves are generally pressurised with nitrogen or carbon dioxide from a liquid 

storage tank and which is vaporised before use. Autoclaves were pressurised with plant air in 

the past, but this system carried a fire risk, although now some companies prefer to use both 

air and nitrogen in a certain ratio for economic reasons [24].  

While designing and fabricating pressure vessels, it is obligatory to fulfil with the 

American Society of Mechanical Engineers (ASME) requirements, and all vessels are tested 

according to those criteria [24]. 

Autoclaves are heated for a gas-fired heat exchanger system or an electrical heating 

system. The control systems are usually computer-controlled. With the use of computer-

control systems in production, better autoclave cure cycles are produced and monitoring the 

curing internally becomes possible [24].  

The composite materials used in autoclave moulding are prepreg materials. A load-

carrying fibre structure is impregnated with resin and is ready to use in the manufacturing 

process. The resin is partially-cured supplied to the manufacturer, who lays-up the finished 

shape and completes the cure with the application of pressure and heat [24]. 

As earlier mentioned, the initial material for the autoclave moulding process is a 

prepreg that contains fibres in a partially-cured resin. In general, a prepreg contains 

approximately 42% by weight of resin. If this prepreg is provided to cure without any resin 

loss, the cured laminate would contain about 50% by volume of fibres. Since almost 10 weight 

percent of resin flows out during the moulding process, the actual fibre content in the cured 

laminate is about 60 volume percent, which is considered an industry standard for aerospace 

applications. The excess resin flowing out from the prepreg eliminates the entrapped air and 

residual solvents, reducing the void content in the laminate. However, the new tendency is 
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to use a near net resin content, usually 34 weight percent, and to permit only 1-2 weight 

percent resin loss during moulding [24]. The tendency in relation to using near net resin 

content means that you avoid the absorption of any amount of resin from the prepreg and 

you get what you put on the lay-up.  

1.2.1.1 Lay-up Process 

The prepreg material is taken out from the freezer in this process. Plies are cut into 

the desired shape, size and orientation by a cutting device (mat knife or an automatic nesting). 

Later, the lay-up is performed using the auxiliary elements indicated in Figure 1.7. Prepreg 

plies are laid-up in appropriate orientations determined through tests, structural design and 

analysis studies. A new tendency is to employ laser systems during lay-up operations [24], 

[25], [26].  

This lay-up is ideal for high-quality aerospace components. And, yet, there may be 

differences in the amount and type of vacuum bag materials depending on the part and 

material to be cured (shape, thickness, material properties, etc.). Each layer in this figure has 

a role in the vacuum bag assembly as described in Table 1.3 [27]. 

 

Figure 1.7 Vacuum bag lay-up [27].  
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COMPONENT FUNCTION 

Release agent Allows release of the cured prepreg component from the tool. 

Edge Dam Contains resin flow and component shape. 

Peel ply 

(optional) 

Allows free transit of volatiles and excess matrix during the cure. Can be removed after 

the cure to offer a bondable or paintable surface. 

Bleeder fabric 

(optional) 

Commonly made of felt or glass fabric and absorbs the excess matrix. The matrix flow 

can be adjusted by the quantity of bleeder, to produce composites of known fibre 

volume. 

Release film 
This layer prevents the further flow of matrix and can be somewhat porous to allow the 

transit of only air and volatiles into the breather layer above. 

Caul Plate 

(Optional) 

Smooth metal plates, free of surface defects, the same size and shape as a composite 

lay-up. It transmit normal pressure and temperature, and provide a smooth surface on 

the finished laminate. 

Breather fabric 
Gives the means to apply vacuum and assists the removal of air and volatiles from the 

whole assembly. Fatter breathers are needed when high autoclave pressures are used. 

Vacuum bag 

/Sealant tape 
Gives a sealed bag to allow removal of air to form the vacuum bag.  

Table 1.3 Consumables for vacuum bag processing [27].  

1.2.1.2 Curing Process 

After the vacuum bag is ready, the lay-up is inserted into the autoclave (Figure 1.8). A 

cure cycle, which has been developed through various engineering studies and tests, is then 

run (usually automatically), by a compute. Initially, a vacuum is applied to the part to trap air, 

volatiles, and by-products. Heating begins at a specified heat up rate. As the prepreg is heated 

in the autoclave, the resin viscosity in the particlly-cured prepreg plies first decreases, then 

attains a minimum, and then increases rapidly (gels) as the curing (crosslinking) reaction 

begins and proceeds toward completion [24] (Figure 1.9).  
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Figure 1.8 Autoclave processing [27].  

 

Figure 1.9 Typical cure cycle for Autoclave process [27].  
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The first stage in this cure cycle consists of increasing the temperature and dwelling 

at this temperature when the minimum resin viscosity is reached. During the temperature 

dwell, the prepreg stack is undergoing an external pressure, producing the excess resin to 

flow out into the bleeder plies. A prepreg stack is a number of prepreg plies (layers) put or 

laid-up on each other to form a stack of prepreg material in the configuration defined by the 

part design regarding the fibre orientation. The resin flow is important, because it provides 

the removal of entrapped air and volatiles from the prepreg and hence reduces in the cured 

laminate the void content. At the close of the temperature dwell, the autoclave temperature 

is increased to the actual curing temperature for the resin. The pressure and the cure 

temperature are maintained, until a predefined level of cure has appeared. At the close of 

the cure cycle, the temperature is gradually reduced while the laminate is still under pressure. 

The laminate is taken out from the vacuum bag and, if required, post cured in an air-circulated 

oven at an elevated temperature [24], [28].  

The flow of excess resin from the prepregs is of great importance in reducing the void 

content in the cured laminate. In a bag moulding process for producing thin structures, resin 

flow is preferred by face bleeding than over edge bleeding. Edge bleeding describes the flow 

of the resin through the edges of the part under heat and pressure. Face bleeding is more 

effective because the resin flow before gelification is shorter in the thickness direction than 

in the edge directions. Since the resin flow is quite long in the edge directions, it is complicated 

to remove entrapped air and volatiles from the central areas of the laminate by the edge 

bleeding process [21], [29]. 

The cure temperature and pressure are decided to meet the resin is cured equally and 

attains a specified degree-of-cure in the shortest possible time, the temperature inside the 

preparing does not exceed a prescribed limit during the cure and the cure pressure is 

reasonably high to extract all the excess resin from every ply before the resin gelification 

inside the prepreg [24].  

The maximum temperature inside the lay-up depends on the maximum cure 

temperature, the heating rate and the initial lay-up thickness. The maximum cure 
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temperature is generally established by the prepreg manufacturer for the particular resin-

catalyst system used in the prepreg and is ascertained from the time-temperature-viscosity 

characteristics of the resin-catalyst system. At low heating rates, the temperature distribution 

stays homogeneous within the lay-up. At high heating rates and increased lay-up thicknesses, 

the heat transferred to the mould surface is lower than the heat generated by the curing 

reaction [24].  

Resin flow in the lay-up depends on the maximum pressure, lay-up thickness and 

pressure application rate. If the heating rate is very high, the resin may start to gel before the 

excess resin is ejected from every ply in the lay-up [24].  

Sometimes the cure cycle recommended by prepreg manufacturers may not be 

adequate to take out excess resin from thick lay-ups. The compaction and resin flow progress 

inside from the top, the plies adjacent to the bottom mould surface may stay without 

compacted and rich in resin, hence creating weak interlaminar layers in the laminate. Excess 

resin must be removed from every ply before to reach the gel point in the prepreg. Thereby, 

the maximum cure pressure should be applied just before the resin viscosity in the top ply 

becomes adequately low for the resin flow to occur. If the pressure is applied too early, excess 

resin loss would occur, owing to very low viscosity in the pregel period. On the other hand, if 

the cure pressure is applied after the gel time, the resin may not be able to flow into the 

bleeder cloth because of the high viscosity it quickly reaches in the postgel period. Therefore, 

the pressure application time is an important parameter of the mould in a bag moulding 

process. Generally, it decreases with increasing cure pressure, as well as increasing heating 

rate [24].  

The homogeneity of cure in the laminate needs a homogeneous temperature 

distribution in the laminate. The time needed for attain the desired degree-of-cure is reduced 

by increasing the cure temperature as well as increasing the heating rate. Moreover voids and 

inappropriate cure, defects in autoclave-moulded laminates relate to the ply lay-up and 

trimming operations. Close control must be maintained over the fibre orientation in each ply, 

the stacking sequence, and the total number of plies in the stack. Since prepreg tapes are not 
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as wide as the part itself, each layer may contain a number of identical plies laid side by side 

to cover the entire mould surface. To prevent moisture pick-up, the prepreg roll should be 

warmed to room temperature before use [24].  

1.2.1.3 Applications 

Nowadays the composite structural elements are used in a range of components for 

aerospace, automotive, architectural structures, and marine, apart from consumer products 

such as tennis rackets, skis, and golf clubs. Much of today’s composite technology has 

developed from aerospace applications. Composite technology is initially developed for 

aerospace applications but, as material and processes costs disappear, it finds a place in other 

industries [24]. 

Composites have high specific stiffness and strength, which make them ideal for use 

in air vehicles, where efficiency and handiness are highly weight-dependant. Annually, the 

use of composite structures is increasing. The percentage of composite structure on aircraft 

increases to nearly 90% in some applications [24].  

Autoclave moulding is the main manufacturing method in the aerospace industry, as 

a result of its quality and performance. Although, manufacturing methods such as RTM are 

being developed as an alternative to autoclave moulding [24].  

1.2.1.4 Advantages and disadvantages 

Autoclave moulding is the main method for the manufacture of quality composite 

parts for the aerospace industry. Also laminates of variable thickness can be produced and   

good dimensional stability is obtained [24].  

The main disadvantage is cost, caused by different factors such as controlled heating 

and cooling, the pressurisation and vacuum system are expensive, the long cycle times, the 
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operation is not serial production (labour intensive), the material is very expensive and the 

operation requires auxiliary materials are single-use items. However, since quality and 

performance are the main criteria for autoclave applications, the expense of manufacture is 

compensated for through lower operating costs [24].  

1.2.2. Out-of-Autoclave Process 

Out-of-autoclave (OOA) manufacturing is an alternative to the traditional high 

pressure autoclave curing process. OOA manufacturing is becoming progressively more 

convenient as a consequence of the high costs associated with autoclave manufacturing 

combined with the increased demand for large composite aerospace parts. OOA has grown 

as a way to process in the industry for high-performance composite components. OOA 

process achieves the same quality as an autoclave but through a different process. The limited 

size and the high cost of autoclave systems has motivated many process, especially in 

aerospace, to call for OOA resins that can be cured with heat only in an oven or at room 

temperature, fewer steps, shorter cycle times, and less material. A new generation of out-of-

autoclave prepregs aims to offer performance and quality comparable to autoclaved 

materials through vacuum-bag-only cured in an oven [17], [24], [30], [31], [32]. 

There are several out-of-autoclave technologies currently used including Injection 

Moulding, Resin Transfer Moulding (RTM), Vacuum Assisted Resin Infusion (VARI), Pultrusion, 

Hot Press Moulding and Filament-Winding. The most advanced of these processes can 

produce high-tech net shape aircraft components [30], [33]. Interest in OOA processing has 

more stimulated the use of Resin Transfer Moulding (RTM), Vacuum-Assisted RTM (VaRTM) 

and other liquid moulding processes, as well as, Vacuum Assisted Resin Infusion (VARI). 

OOA is most widely used by aerospace industry manufacturers. However, due to the 

drawbacks of autoclave processing, a variety of sectors are adopting OOA methods, from 

automotive and consumer electronics to renewable energy. They hope to improve their 
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products, increase throughput, cut down on production time, and decrease capital, operating 

and labour costs [33]. 

1.2.2.1 Out-of-Autoclave Prepregs 

A new generation of out-of-autoclave prepregs has been introduced, and experience 

with these prepregs has demonstrated that using Vacuum-Bag-Only (VBO) consolidation, it is 

possible to produce aerospace composites without autoclave. By avoiding the use of 

autoclaves, such materials considerably reduce costs, and are compatible with a diverse range 

of lower-cost cured set-ups, including conventional ovens, heated tooling, and heating 

blankets. Moreover, the lower cured pressure supplied during VBO cured can eliminate 

induced defects of autoclave such as honeycomb core crush, affording the use of lighter and 

less expensive cores. The new is the ability for such materials to provide the less than 1 % void 

content and quality mechanical properties required for aerospace primary structures, such as 

fuselages and wings [34]–[36]. 

The main advantages of these materials were the capacity to reduce high capital and 

operating costs, combined with an increase in dimensional accuracy because of reduced tool 

thermal expansion. The drawbacks are relatively high porosity resulting from low applied 

pressure or inconsistent resin bleed, particularly for high fibre volume fraction 

reinforcements, out-times, or acceptable room temperature storage times, and relatively low 

mechanical performance (e.g. toughness). These early prepregs were cheaper because they 

cure at lower temperatures under vacuum pressure, but they had neither the mechanical 

properties nor the sufficiently short cycle times necessary for production parts. Resin 

formulators noted such systems were cured in the 80–100 °C temperature range. This process 

window with developments in resin chemistry and an increasing comprehension of optimal 

matrix properties, enabled the development of a new generation of VBO resins. When 

correctly integrated into appropriate fibre bed architectures and properly processed, these 

materials were competitive with autoclave systems on porosity, mechanical properties, and 

out-time [34], [35]. 
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OOA prepregs as key to achieving the fast and economical manufacturing and 

additional cost saving when one OOA prepreg system can be used for production, spares and 

prototyping. OOA materials as a way to achieve manufacturing flexibility, freeing them from 

size limitations and enabling workflows [35]. 

OOA prepregs guarantee even resin distribution, avoiding the resin-rich pockets and 

dry spots frequent with infusion processes. Therefore, tooling for large composite structures 

can be co-cured in a single cycle, which is usually complex and expensive, now may be 

fabricated much more simply and cost-effectively. In addition, differences between part 

coefficients of thermal expansion and tool are smaller at lower temperatures and more easily 

controlled, positioning OOA prepregs as a possible solution for part cracking caused by 

different temperature of cured [35]. 

The goal was to develop OOA systems that could offer the same performance as 

presently qualified autoclave-cure epoxy materials. OOA prepregs have now achieved 

physical property equality with autoclave-cure systems for primary aircraft structure, and 

several are already in qualification processes [35]. 

The vacuum bag materials and sequence are the same as with autoclave process, but 

vacuum quality is crucial, and because captured air extraction is a time-dependent process, 

OOA cure cycles are usually longer [35]. 

The company Airbus has developed a method of partially-cured, which reduces typical 

cure cycles for both autoclave and OOA materials. Airbus sees an additional benefit in the 

capacity to selectively cure parts of the structure, which could make integrating partially-

cured structures and then co-curing the final assembly possible in the future. 
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1.2.2.2 Resin Transfer Moulding (RTM) 

Resin Transfer Moulding is a closed moulding process, sometimes referred to as liquid 

moulding. The process consists of mixing resin with a hardener (or initiator) and injecting the 

combination into a mould which contains dry fibres. The mix of resin is injected a low 

pressure. Fibre preform or dry fibre reinforcement is placed into a mould tool that has the 

desired shape of the composite part. A second mould tool is clamped over the first and resin 

is injected into the cavity (see Figure 1.11). A release gel is applied on the mould surface for 

easy removal of the composite. Very low-viscosity resin is used in RTM applications to ensure 

that the resin impregnates the preform quickly and thoroughly before the onset of cure. 

Vacuum can also be applied to assist in drawing the resin through the mould cavity in a 

process called Vacuum Assisted Resin Transfer Moulding (VaRTM). Both mould and resin can 

be preheated for particular applications [17], [37]–[40]. 

 

Figure 1.11 Resin Transfer Moulding process [41]. 

Advantages of Resin Transfer Moulding [17], [38], [39], [42], [43]: 

• High-quality parts without the use of an autoclave. High fibre volume laminates 

can be obtained with very low void contents (less than 2%). 
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• Composite part has good surface finish on both side surface of the product. 

• Any combination of reinforced materials in any orientation can be achieved. 

• Generally, the dry preforms and resins used are less expensive than prepreg 

material and can be stored at room temperature. 

• The process does not need high injection pressure. 

• Composite part thickness is uniform which is determined by the mould cavity. 

• Good health and safety, and environmental control due to the enclosing of resin. 

• Process can be highly automated, semi-automated or manual control. 

• Fast cycle time can be achieved through temperature control tooling device. RTM 

produces parts at a rate that is 5-20 times faster than open moulding technique. 

• Increased productivity. 

• Design Flexibility. One can mould shapes that are difficult, if not impossible, to 

form by conventional methods. 

• Dimensional Tolerances. RTM allows designers to have close tolerances in the 

product. 

• Lower Material Wastage. Compared to open moulding techniques, very less 

material wastage is got in RTM process. 

• Low Operator Skills. During regular production, skill required of the operator is 

minimal. 

Disadvantages of Resin Transfer Moulding [38], [42], [43]: 

• High tooling costs and heavy in order to withstand pressures. 

• The size of the composite is limited for mould cavity, generally limited to smaller 

components. 

• Un-impregnated areas can appear caused in very expensive scrap parts. 

• Fibre resin flow and saturation of reinforcement materials is limited 

• Parts having open cell cores (inside) such as honeycomb cores porous foams, 

tubular structures are difficult to make by RTM. 

• Certain amount technical knowledge is required in the design, processing, 

moulding techniques by the personnel. 
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Applications [37], [42]–[45]: 

• Small complex aircraft and automotive components (train seats, 

chassis/suspension, truck cabs, roof and hood). 

• This process is used for bath and shower enclosures, cabinets, wind blades, 

chemical storage tanks, solar collectors, propellers, antenna dishes, chairs, swim 

pool panels, etc. 

• For the realization of large, complex and thick-walled structures for use in 

infrastructures and military applications. 

1.2.2.3 Vacuum Assisted Resin Infusion (VARI) 

This process is developed as a variant of the RTM process in order to reduce the cost 

and design difficulties associated with large metal moulds. In the VARI process, fibre 

reinforcements are placed in a one-sided mould, the upper half of a conventional mould is 

replaced by a vacuum bag and the resin is drawn into a preform by using of a vacuum only. 

The laminate is placed over the mould followed by the peel ply and distribution layer. The 

vacuum bag is put on over the entire assembly. Vacuum bag is sealed with the sealant tape 

over the mould from all the sides. When all air leaks have been eliminate by the vacuum 

pump, the resin is allowed to flow into the laminate. The resin distribution over the whole 

laminate is aided by resin flowing easily the non-structural fabric and wetting the fabric out 

from above. The vacuum is left on until the resin has completely gelled (see Figure 1.12). Then 

it is cured at room temperature or in an oven [37], [42], [46]–[48]. 
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Figure 1.12 Vacuum Assisted Resin Infusion process with distribution media [49]. 

Advantages of Vacuum Assisted Resin Infusion [42], [46]–[48], [50]: 

• Large components can be fabricated. 

• Lower tooling cost. One half of the tool is a vacuum bag. 

• Higher fibre-to-resin ratio (up to 70% fibres by weight). 

• Produce laminates with a homogeneous degree of consolidation. 

• Efficient to laminate complex fibre layers, ribs, inserts and cores. 

• Cored structures can be produced in one operation. 

• No resin entrapped air, very low voids. 

• Less wasted resin. 

• High consistency and repeatability. 

• Minimized volatile emissions (due to resin curing in a closed environment). 

• Moulds used are similar to those used for conventional open-mould processes. 

• Uses only atmospheric pressure to push the resin into the mould cavity. 

Disadvantages of Vacuum Assisted Resin Infusion [37], [46], [48], [50]: 

• Poor surface finish on the bagging side. 

• Limitation to nearly flat structures. 

• Poor dimensional tolerances. 



CHAPTER 1 INTRODUCTION 

 

 

27 

 

• Lack of automation. 

• Slower cycle times. 

• Higher consumables costs. 

• Highly dependent on viscosity of the resin. 

Applications [17], [37], [42], [48], [51]: 

• Bridge sections and rail carriages. 

• Wind turbine blades, larger blades (i.e. in the range of 100 m). 

• Boatbuilding, large auto body panels and aviation components. 

• Marine, ground transportation and infrastructure parts. 

• Aerospace structures. 

1.3. Objectives 

One of the major disadvantages of autoclave manufacturing is related to the long cycle 

times that severely limit the production rates. The projected growth of composites for 

aerospace applications could outpace the current available autoclave capacity while at the 

same time fail to offer economic justification to ramp up the number of large autoclaves in 

operation [52]. 

The automation of laminate fabrication and material deposition equipments are 

improving steadily the current fabrication speeds reducing therefore the total time needed 

for development and manufacturing a composite part. However, autoclave is still a bottle-

neck because its acquisition and operational costs so it is normally suited when manufacturing 

large parts. Within the total cost breakdown, tooling, production jigs and related-equipment 

account for about one-third of the total manufacturing costs. Curing and assembly costs each 

represent about 10% of manufacturing costs (Figure 1.13). Reducing assembly costs often 

results in setting-up a strategy of parts consolidation in one-shot autoclave cure cycle. These 
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set of facts are, among others, the motivations driving new and efficient OoA (Out-of-

autoclave) process development (Figure 1.14) [53], [54]. 

 

Figure 1.13 Manufacturing cost breakdown for CFRP aerostructures [53]. 

 

Figure 1.14 Potential Impact on composite aerostructures demands by OoA (Out-of-Autoclave) processes [53] 

Over the coming decade, the OoA technologies to produce large, unitized composite 

primary structures could be more complete. Integral bonding of components will simplify 

assembly and further reduce the need for costly and heavy fasteners joining. In fact, OoA 

process analyses indicate that they are able to reduce component manufacturing costs 

between 25% and 60% compared to traditional autoclave methods [53]. 
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Among the future developments in composite manufacturing, there is a need to look 

for high integration processes for rapid one-shot integration of structures. The objective will 

be to search jointly for materials and processes that increase the rate of production in the 

autoclave, and within this context, manufacturing of partially-cured composite articles (e.g. 

stringer, frames, etc) could be potentially an interesting approach. Hence, efficient methods 

for manufacturing partially-cured composite components with the aim of integration with 

other components to form a composite structure is of major importance to reduce 

manufacturing cost of future airframes.  

The partial curing of a composites can be achieved using moulds comprising heat 

conductive and insulating elements allowing the application of heat and pressure according 

to some specific targets. A good example of such new technologies can be found in the 

process patented by Airbus (US 2015/0165747 A1) that uses fresh prepregs as raw materials 

to produce partially-cured articles to be integrated in subsequent curing steps. Another 

possibility is the use of  RTM  (Resin Transfer Moulding) that can be understood as a promising 

technology to produce high-quality partially-cured composite parts that can contribute to 

reduce the number of assembly steps and the associated costs resulting in lighter and better-

performing parts [55], [56]. The partially-cured article is simply produced by stopping the 

standard cure cycle to some extent dictated by the targeted degree-of-cure of the final 

composite part. Tooling, moulds, and auxiliary materials are essentially the same enabling to 

expand the capacities of the factories without substantial modifications. 

The main objective of this thesis is the development of a method of manufacturing 

partially-cured composite components by means of VaRTM (Vacuum Assisted RTM) 

producing composite articles with a targeted degree-of-cure that can be integrated in a 

subsequent curing step. Thus, the method proposed in this work essentially differ of what 

proposed previously by Airbus (US 2015/0165747 A1) in the use of dry fabrics as raw materials 

rather than fresh prepreg sheets. 

The method of manufacturing a partially-cured composite articles comprises four 

principal steps. First, as in standard RTM, a dry fabric preform (e.g. stringer) is created and 
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inserted within a steel made mould. The mould is modified so temperature ranges and 

homogeneity within the part can be controlled precisely with the help of heating and cooling 

devices. The precise temperature control is mandatory to produce a composite part with a 

targeted degree-of-cure which is required for the subsequent part integration.  The cooling 

process is of major importance to extract the composite part from the mould avoiding 

external deformations. Once the part is manufactured, it is cool stored as standard prepreg 

waiting for secondary operations as, for instance, trimming. Finally, the composite part can 

be integrated with other partially-cured or fresh parts in a final autoclave curing process. 

1.3.1. General outline of the thesis 

Firstly, Chapter 1 is an introduction to composite material manufacturing of Fibre 

Reinforced Polymers (FRPs) including autoclave and out-of-autoclave techniques emphasizing 

the principal advantages and disadvantages of the different processes and its applications. As 

previously mentioned, there is a huge driving force in the scientific and technological 

community related to the reduction of costs associated to material manufacturing and, 

among the different possibilities, the reduction of the use of autoclave is of major importance.  

In Chapter 2, the experimental techniques used for both thermomechanical, 

microstructural and mechanical characterization of the materials used are introduced. These 

techniques were used to study the main manufacturing variables as the degree-of-cure, the 

resin viscosity that can strongly influence in the final quality of the partially-cured composite 

part. 

In Chapter 3, the development of Partially-Cured Fibre Composites (PCFRP) is 

presented for flat panels. We designed a flat mould for VaRTM for produce partially-cured 

articles with different thicknesses and degrees-of-cure. The objective was to produce panels 

with homogeneous and targeted degree-of-cure so heating and cooling devices become of 

primary importance. The degree-of-cure was a compromise between two limiting 

requirements. First, if the degree-of-cure is low, the composite part extraction become very 
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difficult as the part at RT is deformable while at the same time excess of resin bleeding will 

take place during the subsequent curing cycle. Second, if the degree-of-cure is high, the 

composite part will retain easily the shape but deformability will be limited so the future 

adaptation with other parts containing dimensional variations will become difficult. After 

manufacturing the partially-cured panels, a complete mechanical characterization campaign 

with fully cured specimens is carried out to address the effect of the curing history on the 

main properties.  

In Chapter 4, the lessons learned during the manufacturing of partially-cured flat 

panels by VaRTM were applied to create more complex shapes including also the integration 

with other parts (partially-cured or fresh). To this end, a T-shape steel mould was 

manufactured to produce partially-cured stringers which was understood as representative 

part that can be easily integrated in subsequent curing cycles. Trimming and machining 

operations in partially-cured materials could potentially be difficult due to the partially-cured 

state of the resin. Therefore, specific trimming procedures were developed in the thesis to 

reduce such difficulties delivering stringers with a controlled final shape prior to the 

integration.  

In Chapter 5, conclusions of the thesis are drawn while guidelines for future work in 

along this research line are presented. Finally, the references used. 
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In this chapter, the different experimental techniques used in this thesis are detailed, 

both the thermomechanical characterization, including the techniques Differential Scanning 

Calorimetry, Reometer and Dynamic Mechanical Analysis, and the microstructural 

characterization by C-Scan ultrasound and tomography, and finally, the mechanical 

characterization of the materials used. 

2.1. Thermomechanical Characterization 

 

2.1.1. Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry analyse measures the energy changes that occur as 

a sample is heated, cooled or held isothermally, together with the temperature at which these 

changes occur. In DSC the difference between the heat flow in a sample and a reference to 

the same temperature is registered as a function of temperature or time. The reference is an 

empty aluminium pan. The temperature of both sample and reference can be kept constant 

or increased/decreased at a predefined rate [57], [60]. 

In heat flow DSC, sample and reference are enclosed into the same heating chamber. 

The changes in the enthalpy or in the heat capacity of the sample cause a difference in its 

temperature compared to the reference. The difference of temperature is registered and 

related to the enthalpy variation of the sample using the calibration data obtained previously. 

A scheme of the equipment is shown below (Figure 2.1) [58], [60]. 

If the difference of temperature between sample and reference is negative, it shows 

that an endothermic process has happened which the sample absorbs heat, for example, in 

melting processes. If the temperature difference is positive is because an exothermic process 

has occurred, i.e. crystallization processes. 
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Figure 2.1. Scheme of the process of DSC of heat flow [58]. 

Summarizing, a DSC is a thermoanalytical technique in which the difference in the 

amount of heat required to increase the temperature of a sample and reference is measured 

as a function of temperature. One of the big advantages of DSC is that samples are very easily 

encapsulated, so that measurements can be quickly and easily carried out [61], [57]. 

The equipment of DSC uses purge gases to control the sample environment, purge 

volatiles from the system and prevent contamination. They reduce noise by avoiding internal 

convection currents, avoid ice formation in sub-ambient systems, and can give an active 

atmosphere. The nitrogen is the most common purge gas, which provides a generally inert 

atmosphere and prevents sample oxidation. Oxygen and air are sometimes used for oxidative 

tests such as oxidative induction time measurements. Helium is used for work at very low 

temperatures where oxygen and nitrogen would condense and is recommended for fast scan 

DSC studies. Other gases such as argon have been used when operating at higher 

temperatures, typically above 600 °C [57]. 



CHAPTER 2 EXPERIMENTAL TECHNIQUES 

35 

 

The curves obtained by this technology are known as thermograms, they are 

represented in a graph where the temperature is in the X-axis and heat flow (power) is in the 

Y-axis. If there is no thermal transitions, DSC basic line is straight, so changes in the curve 

shape, as is observed in Figure 2.2, must be associated to a thermal process. For example a 

jump in the heat capacity ΔCp of the sample (Cp=dH/dT) is due to the glass transition, Tg. 

For this work, two different kind of experiments have been carried out by DSC: 

• Uncured resins (dynamic cure): The uncured resin samples (≈10 mg) were heated in 

the DSC from -30 °C to 310 °C at 10 °C/min to determine the sub-ambient Tg (Tg of 

uncured resin) and heat of reaction, then cooling the resins to room temperature and 

heating it again to determine the Tg after dynamic curing (Figure 2.2). 

 

Figure 2.2. DSC curve for uncured resin. 
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• Cured resins: after curing the resins in the laminated manufactured by the RTM 

process with the curing cycle determined, the sample is then heated from -30 °C to 

310 °C at 10 °C/min again to determine the Tg and the degree of cure (Figure 2.3). 

 

Figure 2.3. DSC curve for cured resins. DSC Experiment on cured resin. Heating at 10 °C/min. 

For this thesis, all DSC measurements were performed in a DSC Q200 (TA Instruments), 

which was calibrated with Indium. Nitrogen was in use purge gas with a flow rate of                     

50 ml/min, about 10 mg of each samples were encapsulated in aluminium pans, weighed with 

a precision scale of ±0.01 mg in balance (model Cobos ES 125SM). The samples were extracted 

from every laminate in different areas (central, lateral, etc.) by a punch die of 3 mm of 

diameter and all the tests were repeated at least thrice for each area. 
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2.1.2. Rheometry 

A Rheometer is an equipment used to measure the rheological properties of materials. 

Rheology is the study of the flow and deformation of matter which describes the interrelation 

between force, deformation and time [65], [62]. Flow and deformation are called to as strain 

rate or strain, respectively, and indicate the distance through which a body moves under the 

influence of an external force, or stress (Figure 2.4). Therefore, rheology is considered to be 

the study of stress-strain relationships in materials [63]. 

 

Figure 2.4. Diagram of the definition of viscosity [64]. 

The dynamic viscoelastic response of the resin is given by the storage and the loss 

moduli, G' and G", respectively, which vary along time due to cross-linking reactions. The 

complex modulus G* = |G' + iG"| stands for the resistance of the material to be deformed while 

tan δ = G"/G' expresses the ratio between the storage and loss moduli. The evolution of the 

complex viscosity µ* (modulus of real and imaginary parts) can be determined as,  

                                                           µ* = 
|’’’|


                                                               (2.1) 



CHAPTER 2 EXPERIMENTAL TECHNIQUES 

38 

 

where   is the angular frequency of the imposed oscillatory strain and δ is a frequency-

dependent function which represents the angle between the viscous stress and the shear 

stress. 

The dynamic viscosity was measured to determine G' and G" modulus (the elastic and 

viscous moduli respectively), the complex viscosity (µ*) at 50 °C, the minimum viscosity, the 

gel point and the integrated flow of the uncured resins, Figure 2.5. 

 

Figure 2.5. Dynamic viscosity analysis of uncured resin. 

The rheological behaviour of the resin was measured under oscillatory mode using a 

parallel plate rheometer (AR200EX, TA Instruments) using disposable aluminium plates                

(25 mm of diameter) with a gap distance between plates of 1 mm. An uncured liquid resin 
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sample of 25 mm diameter was placed between the plates of the rheometer 80 °C and 

subjected to an oscillatory shear strain of constant amplitude and frequency during the 

heating ramp. The temperature was increased from 47 °C to 260 °C at 2 °C/min, and the 

oscillation frequency was kept at 10 rad/s.  

2.1.3. Dynamic Mechanical Analysis (DMA) 

Dynamic Mechanical Analysis is the technique of applying, generally sinusoidal of 

certain frequency, a strain, ε, or stress, σ, to a sample and analysing the originated response, 

stress or strain also sinusoidal, and the out of phase between both waves. This gap is 

motivated by the time that the macromolecules need to regroup and it is the one that 

provides abundant information to us brings over of the different manners of relaxation of the 

macromolecular chain [62]–[65]. 

If it is considered to be a sinusoidal deformation of amplitude ε0 and frequency: 

                                                                                 
π

ω

2
=f                                                                          (2.2) 

where ω is the angular frequency of oscillation, the maximum stress at the peak of the sine 

wave is σ0 with an phase angle δ with regard to the deformation, since it is represented in the 

Figure 2.6. 

The strain and stress applied at any time, t, are described in equations: 

                                                            tseno ωεε =                                                                       (2.3) 

                                                        ( )δωσσ += tseno                                                                  (2.4) 
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Figure 2.6. Schematic representation of the parameters involved in the measures Dynamic-Mechanical [59]. 

As consequence of the phase difference between the stimulus and the response, the 

mathematical expression to analyse the relaxation modules is the complex notation: 

                                                                  tio ωεε exp* =                                                                 (2.5) 

                                                             ( )δωσσ += tio exp*                                                               (2.6) 

Dividing the equations (2.5) and (2.6), the complex module is obtained: 

                                       ( )δδ
ε

σ
δ

ε

σ
iseniE

o

o

o

o +== cosexp*
                                                   (2.7) 

Therefore, it is possible to define *E with the equation (2.8): 

                                                                      EiEE ′′+′=*                                                                         (2.8) 
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The complex module can decompose in two orthogonal components: real component, E', in 

phase with stress, and imaginary, E", out of phase 90° with regard to this one, since it is 

possible to observe in the Figure 2.7. 

 

Figure 2.7. Decomposition of the complex module in its parts real and imaginary depending on the phase angle 

[59]. 

Its ratio represents the tangent of phase angle: 

                                                                                 δ
′

′′
=
E

E
tan                                                                     (2.9) 

The real part of the module, E', it is named a storage module and relates to the stored energy 

during a cycle due to the deformation that suffers the polymer, whereas the imaginary part 

of the module, E", it is named a loss module and it is possible to associate to the energy 

released during the cycle by the system. Frequently, E" it is small with respect to E' and hence 

E* ≈ E'. The mechanical damping is, often, the most sensitive indicator of the molecular 

movements that take place in the polymer. 

One of the reasons for which the DMA is a powerful technology to explore the 

properties of the polymeric materials and different that show a behaviour dependent on the 

time, it is that all the previous parameters are influenced to a great extent by the relaxation 

time of the materials. Therefore, the parameters E', E" and tan δ  give a vision of the behaviour 

of relaxation of a material, which in turn reveals its molecular structure and/or its 
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morphology. The fine differences between the degrees of the same material and different 

structures that arise from a polymerization variant will be able to be seen if the molecular 

structure has been altered [67]. The results of the samples studied are observed in Figures 2.8 

and 2.9 and see the influence of degree-of-cure for E' and E". 
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Figure 2.8. Storage module, E', for different degree of cure. 

                

Figure 2.9. Loss module, E", for different degree of cure. 
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The equipment of DMA used in this project (Q800 TA instruments) was calibrated in 

temperature by the position of the peak of E" of a sample of PC heated to 3 °C/min, in a test 

of "single cantilever" to a frequency of 1 Hz and 15 µm of deformation.  

2.2. Microstructural Characterization 

The microstructure of the material was inspected by using several techniques, namely 

optical microscopy, C-Scan ultrasounds and X-Ray computed tomography (XCT). Optical 

microscopy is easy-to-use, cost-effective and can be used for any material. C-Scan is widely 

used in aerospace industry to measure delamination in composites. XCT is particularly 

powerful, because it enables the visualization of a 3D image so that the reconstructed volume 

can be cut by any plane; it is also a non-destructive technique which ensures that the sample 

is free of damage. 

2.2.1. C-Scan Ultrasounds 

The C-Scan ultrasound is a non-destructive technique to examine defects inside a 

material. This technique permits identify the depth of the observed defect in the sample. This 

capability makes it a valuable tool to monitor the precise location of delaminations between 

certain plies, caused, for example, by impact or fatigue loading [68]. 

A frequency signal is transmitted to the sample by a (focused) transducer. The sample 

and the transducer are submerged in water that serves as the coupling medium. The initial 

signal is partly reflected back to the transducer at interfaces, porosities, defects, and at strong 

differences in acoustic impedance in the sample and the rest of the signal, if not completely 

reflected continues through the sample [68]. 

The C-Scan presentation is possible for automated two-dimensional scanning systems 

that offer a plan-type view of the size and location of test specimen features. The scan pattern 
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of the transducer is parallel to the plane of the image. C-Scan presentations are usually 

produced with an automated data acquisition system, such as a computer-controlled 

immersion scanning system. Generally, a data collection gate is established on the A-scan and 

the time-of-flight or the amplitude of the signal is recorded at regular intervals as the 

transducer is scanned over the test piece [67], [69]. The C-Scan presentation provides an 

image of the features that reflect and scatter the sound within and on the surfaces of the test 

piece, it is represented in Figure 2.10. 

 

Figure 2.10. Scheme of test C-Scan [67]. 

This equipment is aimed to inspect damage by C-Scan ultrasound technique. It gives 

information on the size and location of defects (flaws, voids, cracks, inclusions, resin-rich 

areas, delamination, etc.). 

Ultrasonic waves can be produced by piezoelectric transducers, which turn an 

oscillating applied voltage into mechanical vibration in the MHz frequency range. This 

mechanical vibration is transmitted into the material by way of a coupling medium such as 

water. 
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Another basic concept is “attenuation”, which is the loss within the material due to 

reflection and scattering at internal interfaces and absorption in the bulk material. This loss is 

frequently significant in composites, particularly at high frequencies. The high attenuation 

reduces the ability of ultrasonic waves to propagate over long distances in composites. 

Before you start the measurement a suitable sensor must be chosen. The most were 

used is that of 10 MHz, but the selection should be done according to the thickness of your 

specimen. The thicker the specimen, the higher is the attenuation, which means that thick 

plates will require sensors with lower frequencies. Several sensors ranging from 1 MHz to      

10 MHz are available. A typical test of one sample can see in Figure 2.11. 

 

Figure 2.11. Data acquisition system of typical test C-Scan 

The equipment of C-Scan used in this project is a TecniTest TRITON 1500 ultrasound 

system to a frequency of 5 MHz.  
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2.2.2. X-Ray Computed Tomography (XCT) 

XCT is a non-destructive imaging technique in which the 3D reconstruction of an object 

can be obtained from several X-ray images collected at many different angles. Figure 2.12 

shows the scheme of working principle of an open X-ray tube with a transmission target [66], 

[70]. 

 

Figure 2.12. Schematic of X-Ray tomography system [66]. 

X-rays are originated by the acceleration of electrons from a filament towards a target 

material, normally made of a heavy element, such as tungsten or molybdenum. The electrons 

are extracted from the filament (cathode) are focused and centred by electromagnets and 

travel inside the vacuum tube towards the anode and, then at the end of the tube they crash 

into the target. The sample is positioned between the X-ray source and the detector. X-rays 

are attenuated during their way through the sample, depending on the absorption coefficient 
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of the material and the energy of the incident X-Ray beam. Then, the detector records 

radiographies [66], [70]. 

The sample can be modelled as a two or three-dimensional distribution of the X-Ray 

attenuation coefficient, µ(x,y), a property that characterizes the ability of the material to 

absorb X-Ray from the beam source. The radiation intensity, I, transmitted through a layer of 

material, Figure 2.12, is related to the incident intensity, I0 according to Lambert-Beer’s law, 

Equation (2.10). This expression relates the total attenuation p(t) (ratio of transmitted to 

incident intensity of radiation) through the X-Ray absorption coefficient of the material, 

µ(x,y). 

                      

where the line integral means the total attenuation suffered by the X-Ray beam moving along 

a straight path s(x,y) through the cross-section of the object and t is the distance from each 

ray of parallel beam to the centre of rotation, Figure 2.13. The procedure for the 

reconstruction of a sample volume from the radiographies collected at different angles θ of 

rotation is explained on a parallel beam configuration for simplicity. During radiography 

collection, sample rotates around the z-axis (perpendicular to the paper). The cross-section 

of the sample is described by the function f(x,y). The X-Ray beam is expected to be formed by 

parallel rays. When each ray passes through the sample, part of the radiation is absorbed and 

the attenuated intensity, p(t,θ), is acquired in the detector. The attenuation will depend on 

the absorption coefficient of the material crossed and on the length of the path, s, through 

the sample [66], [70]. 

(2.10) 
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Figure 2.13. Principle of tomography and illustration of the Fourier slice theorem [66]. 

The equipment of XCT used in this project is Phoenix Nanotom system with X-Ray 

Nanofocus Tube of 160 kV and 15 watts, 2k x 2k CCD detector and 0.9 µm of resolution. In 

this thesis only can do one radiography for each side of the sample, because the size was too 

big for a 3D reconstruction. 

2.3. Mechanical Characterization 

The characterization mechanics of the made materials was carried out in a universal 

machine of tests electro-mechanical INSTRON 3384 to obtain the properties to ILSS, Mode I, 

DLS and CAI beside impacts fulfilled to low speed in a drop weight tower Dynatup 5100. 

2.3.1. Interlaminar Shear Strength ILSS 

Interlaminar shear tests according to the EN-2563 standard [73] for calculating the 

maximum shear stress at a half thickness of the specimen at the moment of the first failure. 

This test consists of the determination of the delamination resistance under shear forces 

parallel to the layers of the laminate [71]. For this determination, a specimen of rectangular 

cross-section is tested in flexure on two supports. The load is applied at the centre of the 
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specimen by means of a loading nose midway between the supports. This test gives 

information about the quality of the resin-fibre relation. 

The specimens prepared according to this geometry shown in Figure 2.14. The length 

of the specimen is parallel to the warp direction. 

 

Figure 2.14. Interlaminar Shear Strength (ILSS) test geometry [72]. 

The apparent interlaminar shear strength shall be calculated as follows:  

 =
3	R

4		ℎ
 

where τ is the apparent interlaminar shear strength (MPa), PR is the maximum load at the 

moment of first failure (N), b is the width of specimen (mm) and h is the thickness of specimen 

(mm) [73]. 

We have used a Universal electromechanical testing machine (INSTRON 3384) with a 

load cell of 10 kN (2530-443) and a constant displacement rate of the loading of 1 mm/min. 

2.3.2. Mode I Interlaminar Toughness G1C 

This method, according to the AITM 1-0053 standard [74], determines the mode I 

fracture toughness energy of carbon fibre composite bonded parts, obtained using secondary 

(2.11) 
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bonding or co-bonding processes. It lets obtain the resistance to crack propagation in a carbon 

fibre composites bonded joints, formed by an intermediate adhesive layer and two carbon 

fibre laminates. G1C is the fracture toughness energy, defined as the energy per unit of 

specimen width needed for an increase of a crack length. A crack in mode I advance as a result 

of a force perpendicular to the plane of the crack (Figure 2.15). 

 

Figure 2.15. Mode I [75]. 

The specimens prepared according to this geometry shown in Figure 2.16. 

 

Figure 2.16. Mode I test geometry [73]. 
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The bonded joints fracture toughness energy shall be calculated as follows: 

                      

where G1C is the fracture toughness energy (J/m2), A is the energy to achieve the total 

propagated crack length (J), a is the propagated crack length: a = ai+n - ai (mm) and w is the 

width of the specimen (mm) (Figure 2.17). 

             

Figure 2.17. Load-Cross head displacement diagram [74]. 

We have used a Universal electromechanical testing machine (INSTRON 3384) with a 

load cell of 500 N (2530-416). 

 

(2.12) 
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2.3.3. Low Velocity Impact and Compression After Impact (CAI) 

The method to determinate the low velocity impact resistance characteristics of fibre 

reinforced plastics, according to the AITM 1-0010 standard [76], measures material response 

to a specific set of impact parameters. The specimens are impacted using a drop weight tower 

(Dynatup 5100) and six different energy levels. Secure the specimen to a flat mounting plate 

using four snap fasteners as shown in Figure 2.18. 

 

Figure 2.18. Impact support fixture [77]. 

Impact energy E is expressed in joules using the equation: 

                                                             E = m·g·h     or     E = ½ m·v2                                            (2.13) 

where m is the impactor mass (kg), g is 9.81 m/s2, h is the drop height (m) and v is the velocity 

at impact (m/s). 
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Each impacted specimen is inspected visually, taking images: of the damage and 

breaks in the fibres. But finally, carry out an ultrasonic inspection (C-Scan) to assess the 

damage.  

Compression strength after impact shall be determined on all specimens subjected to 

impact testing according to Figure 2.19. For this test uses a Universal electromechanical 

testing machine (INSTRON 3384) with a maximum load cell of 150 kN (2525-181) and a 

constant displacement rate of the loading of 0.5 mm/min. 

 

Figure 2.19. Scheme of the compressive residual strength support fixture with specimen in place [78]. 

Compression strength after impact at a specific impact energy level E is calculated as 

follows: 

                                                                    σr (E) = Pr / w·t                                                             (2.14) 
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where Pr is the break failure load (N), w is the specimen width (mm) and t is the thickness of 

the specimen (mm).  

2.3.4. Double Lap Shear Test (DLS) 

This test method covers the determination, according to the AITM 1-0019 standard 

[79],  of the tensile shear strengths of adhesives for bonding composites together when tested 

in an essentially peel-free standard specimen that establishes adhesive stress distribution 

representative of those developed in a typical low-peel production-type structural joint. The 

reproducibility of the strengths achieved are directly related to conformance with specified 

conditions of preparation and testing. The double lap shear configuration is an essentially peel 

free standard specimen and used in this method to represent low-peel structural joints as 

shown in Figure 2.20.  

 

Figure 2.20. Scheme of samples for testing. 

In grey colour, it remains represented laminated used, where, the difference of the 

tonality of grey, it represents the possibility of combining different laminated. In green, there 

remains represented the structural adhesive used. 
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The mechanical characterization of the obtained samples has consisted of the 

determination of the shear strength by means of DLS test according to the AITM 1-0019 

(1997) standard in order to determine the influence of the degree of cure [79]. The shear 

strength shall be calculated as follows: 

                                                             =


		
   

where  is the shear strength (MPa), F is the maximum load during the test (N), L is the length 

of overlapping (mm) and W is the width of overlapping (mm). 

For this test uses a Universal electromechanical testing machine (INSTRON 3384) with 

a maximum load cell of 150 kN (2525-181) and a constant displacement rate of the loading of                        

0.5 mm/min. 
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In this chapter, the main objective was two-fold. Firstly, it was intended to attain a 

given cure cycle for one RTM process able to deliver composite flat panels with targeted 

degree-of-cure that can exhibit good forming performance in a subsequent cure cycle.   

Secondly, it was decided to evaluate the influence the partially-cured process and the degree-

of-cure attained in the final mechanical performance of the final post cured laminates.   

3.1. Raw Material and Auxiliaries 

The partially-cured fibre composites were prepared for an extensive mechanical 

characterization campaign which was composed by ILSS  (Interlaminar Shear Strength), GIc 

(Mode I Interlaminar toughness), CAI (Compression after impact) tests, low velocity impact 

and joining. Most of the articles were manufactured with an approximate nominal degree-of-

cure of ≈50%, although some articles were also prepared for ≈70% to evaluate the influence 

of the degree-of-cure on the final interlaminar toughness. Additional articles fully cured were 

also prepared to serve as baseline tests for comparison with the partially-cured ones. 

3.2. Injection of Flat Articles 

Partially-cured articles were manufactured by VaRTM. To this end, a specific mould 

was manufactured in the previous part of the project. The mould is able to produce 

rectangular articles of 600 x 300 mm2 and different thickness. The mould was designed with 

a unique cavity, and different thicknesses can be obtained by inserting thin steel strips in 

between the two mould counterparts. The mould is closed by standard mechanical screws 

through the entire external contour. The preliminary studies predicted an effective injection 

strategy of single point injection port at the centre and two point vents at the sides. 

Moreover, the injection inlet and outlet diameter of 4 mm delivers an acceptable mould fill 

time with the possible variations in the raw material and process parameters. 
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The resin inlet at the article centre is connected to the pressure vessel. The two 

adjacent venting ports are also connected to the vacuum pump and used to assist during the 

resin injection stage (VaRTM). The pressure vessel (2 liters) is connected to a compressed air 

pump and the injection pressure (≈3 bars) was controlled by standard pressure gages. 

                   

Figure 3.1. Detail of the RTM mould use. 

The mould was manufactured of carbon steel. The bottom half thickness of 40 mm 

and top half thickness of 23 mm were selected to carry the mechanical aspects of the mould. 

Cartridge heaters with 13 nos. of power 500 watts were used to heat the mould up to 200 °C. 

7 heaters were placed at the mould bottom half and 6 heaters were placed at the mould top 

half to aid the temperature cycle to cure the resin. Provisions were made for the water 

circulation at both halves of the mould. It was also tested the mould cooling capability of the 

circulating water and found that the present cooling set-up is enough to meet the cooling 

demands. The heaters and coolers points were placed in such a way that the heating and 

cooling load is uniformly distributed over the mould. Respective temperature sensors were 

placed at top and bottom halves of the mould and the resin pre-heater. All these 

temperatures were controlled by the respective sensors.  
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Frekote 700 NC [86] mould release agent was used in the preparation of the mould 

surfaces according to the application times given by the provider. Peel ply of 600 x 300 mm2 

was placed in the lower part of the mould for all the partially-cured articles manufactured to 

avoid release agent contamination. The textile layers (HEXCEL G0926 5H Satin [81]) were cut 

to the mould dimensions and stacked together inside the mould cavity (the larger dimension 

of the mould followed the warp direction of the textile). 

3.3. Analysis of Resin Viscosity and Degree-of-Cure 

An important challenge in partially-cured laminates is to avoid resin bleeding during 

the post cure cycle due to the viscosity decrease at high temperature. The viscosity at the 

post cured temperature depends on the degree-of-cure given to the partially-cured laminated 

in its production by VaRTM. Therefore, the knowledge of the viscosity versus degree-of-cure 

at different temperature is essential in the partially-cured laminated production. Once the 

minimum viscosity to avoid resin bleeding has been determined at a specific temperature, 

the degree-of-cure that it is necessary to reach in the production of the partially-cured 

laminated can be known. The combination of Dynamic Scanning Calorimetry (DSC) and 

Rheology techniques are needed to study the relation between degree-of-cure and viscosity, 

being this the aim of this study. DSC is used to evaluate the degree-of-cure during the 

isothermal cure cycles, and a rheometer measures the viscosity variation during cure cycles. 

The experiments were performed by DSC (Q200 TA Instruments) and rheometer (AR2000EX 

TA Instruments).  

3.3.1. Thermal Characterization 

The cure cycle should be established, this cycle must be able to perform in both 

instruments. The limitation is the heating rate that can be used in the rheometer which 

cannot exceed 10 °C/min. Figure 3.2 shows the profile of the cycle done in both instruments 

(DSC and Rheometer); showing a good correlation of the temperature over time between 
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them. The cycle started at 80 °C, because the viscosity of the resin at 80 °C is low enough to 

fill the DSC pans and to fill up the gap of the parallel plates of the rheometer. This temperature 

was kept for 10 minutes for stabilization in the rheometer, and later was heated at 10 °C/min 

to the final temperature (140, 160 and 180 °C). 

 

Figure 3.2. Cure cycle profile for isothermal experiment at 180 °C. 

Once defined the curing cycle, the degree-of-cure can be studied by DSC. The degree-

of-cure was computed as: 

                                                            
∞∆

∆
=

t

t

H

H
α                                                                    (4.1) 

where ΔHt is the enthalpy at time “t”, considering t=0 the beginning of the isothermal final 

step, and ΔHt∞ the total enthalpy of the exothermic curing reaction at each temperature. 

Figure 3.3A shows isothermal curing at 140, 160 and 180°C, and Figure 3.3B shows the 

enthalpy integrations over the time for each experiment. Returning to Figure 3.3A, a gap in 

the baseline between time 0 and final time is clear observed, and it is more important at 

higher curing temperature.  
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Figure 3.3. A) Isothermal at different temperatures; B) Enthalpy Integrations over time. 

This fact is due to the curing process started during the heating from 80°C to the final 

temperature. Figure 3.4A shows the heat flow during the heating ramps previous to 

isothermal curing and overlapped to a complete dynamic curing process at 10 °C/min. From 

these exothermic curves is possible to estimate the enthalpy released during the heating 

before isothermal curing, and therefore to correct the integrated enthalpies showed in Figure 
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3.3B. This correction provides a small increment in the total enthalpy of the curing process, 

then at t=0 the enthalpy is not 0 J/g. These new curves are shown in Figure 3.4B. 

                            

 

Figure 3.4. a) Heating at 10 °C/min; b) Integration over time adding the estimated exothermic enthalpy 

released during heating. 

The degree-of-cure over time is obtained using the equation shown above, and the 

results for isothermal cycle at 140, 160 and 180 °C are shown in Figure 3.5. The three cycles 
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reached degree-of-cure 1 because ΔHt∞ is not the enthalpy for fully cured resin obtained by 

dynamic experiment, is the total curing enthalpy at each temperature. 

 

Figure 3.5. Degree-of-cure over the time for isothermal curing at different temperatures. 

Once calculated the degree-of-cure by DSC, the viscosity profile during the isothermal 

curing was the next experiment series. The AITM 3-0004 [82] test standard by Airbus Industry 

was the procedure used to determine the viscosity during curing reaction. This standard test 

must be performed on a parallel plate dynamic rheometer capable to operate with a shear 

rate of 10 rad/s and a strain of 10%. 

Figure 3.6 shows the viscosity variation during the isothermal curing at three different 

temperatures. These temperatures were reached in a heating at 10 °C/min from 80 °C, as 

figure 3.2 shows, considering t=0 min when the resin reached the programmed isothermal 

temperature. As it is expected, the clear increase of the viscosity is faster at higher 

temperature. However, the viscosities at time 0 min are not the expected, because it should 

decrease with the temperature. Two reasons could explain this effect: Former, during the 

heating the polymerization has already begun, consequently the higher molecular weight of 

the polymer chains could increase the viscosity. Latter and more probable is due to an 
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instrumental error. Parallel plate with a diameter of 25 mm and the experimental conditions 

proposed by the AITM 3-0004 [82] is not appropriated for low viscosity values, therefore the 

absolute values for viscosity at lower time cannot compare among samples. 

 

Figure 3.6. Viscosity over the time for isothermal curing at different temperatures. 

3.3.2. Viscosity as a Function of Degree-of-Cure 

The last step is the combination of the viscosity profile obtained by rheology with the 

degree-of-cure studied by DSC (Figure 3.7). This graph shows that practically independently 

on temperature cure the viscosity clearly increase from 40% of degree-of-cure, therefore 

thinking in partially-cured laminated, values below this 40% of cured is very probable that 

they can bleed and lose part of the resin in the process. The three cases show a quite fast 

increase of viscosity after this value of 40%, thus values around 50% of degree-of-cure would 

have an high enough viscosity and a fast increase of viscosity in the post cycle as well, that 

would almost certainly avoid the bleeding. 
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Figure 3.7. Viscosity over the degree-of-cure for isothermal curing at 180, 160 and 140°C. 

3.4. Cure Cycle. Degree-of-Cure and Glass Transition Temperature 

For this work, an appropriate curing cycle was established to obtain different degrees-

of-cure in a comfortable way and for this it was important to be able to relate the degree-of-

cure of our material with the glass transition temperature. The typical cure cycle used in our 

VaRTM mould to obtain the different degrees-of-cure is plotted in Figure 3.8. Initially, the 

RTM6 resin is maintained at 80 °C in the pressure vessel. The mould with the corresponding 

preform made of several fabrics stacked (Hexcel G0926 [81]) is heated to 100 °C at 3 °C/min 

under thermal stability is obtained. At this moment, VaRTM injection is started, finishing 

when resin flow is observed in the vacuum ports. The injection gates and the venting ports 

are closed and the mould is heated at 3 °C/min to 160 °C. For obtaining the 50 % partially-

cured state is maintaining the temperature ≈23 minutes while for 70 % the time required is 

≈42 minutes, the degree-of-cure was analyzed by DSC. Figure 3.9 a) shown a partially-cured 

article and Figure 3.9 b) shown a fully cured article are obtained after 2 hours of heating. The 

cure cycle finished always by stopping the resistance cartridge controllers and water cooling 

down to RT.  
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Figure 3.8. Definition of the cure cycle used for the manufacturing of the articles: We have used a Δt≈23 min for 

≈50 % of degree-of-cure, Δt≈42 min for ≈70 % of degree-of-cure and Δt≈120 min for fully cured. 

 

 

 Figure 3.9. Typical articles manufactured by VaRTM, a) Partially-cured article (the rough surface of the peel-ply 

is visible) and b) Fully cured article. 
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The thickness of the samples (after the VaRTM manufacturing) was used to obtain the 

nominal resin content of the laminates. The textile areal density of the fabric used in the 

project was used to this end (370 g/m2 for Hexcel Fabric G0926). Carbon fibre and epoxy 

RTM6 resin densities were 1.78 and 1.14 g/cm3 respectively. The differential scanning 

calorimetric analysis used to characterize the degree-of-cure is presented in this section. The 

enthalpy of reaction ΔHr and the glass transition temperature Tg of the samples were 

measured according to the AITM 3-0008 standard [83]. DSC experiments used small amounts 

of composite material (≈8 mg) to obtain the reaction enthalpy of the uncured composite 

material and the glass transition temperature. The uncertainty on the amount of resin present 

in each of the samples analysed is high. In this work, we have used the average thickness for 

each of the partially-cured articles, Table 3.1, in order to reduce the uncertainty of the resin 

content in the fibre laminate although more precise methods can be used.  

Article 
Theoretical 

Thickness (mm) 

Cured 

Thickness (mm) 
Lay-up 

Degree-of-cure 

(%) 

Surface 

Prep. 

1 2.00 1.90 [0°]6 100 Yes 

2 2.00 1.99 [0°]6 50 No 

3 1.50 1.52 [0°]4 100 Yes 

4 1.50 1.67 [0°]4 50 No 

5 1.50 1.60 [0°]4 70 No 

6 4.00 4.01 [45/0/45/0/45/0]s 50 No 

7 4.00 3.89 [45/0/45/0/45/0]s 100 No 

 

Table 3.1. Detail of the different articles manufactured for the mechanical testing campaign. The articles 6 and 

7 had a different orientation because is for impact. 

Additionally, three different DSC analysis were performed from three different 

samples obtained from each 20 x 20 mm2 coupon. The total enthalpy of reaction of the RTM6 

resin measured of 421 J/g was used in the computations, Table 3.2. The degree-of-cure was 

obtained as follows 

                                                                       
t

r

H

H

∆

∆
−= 1α                                                                (4.2) 
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where 
rH∆  is the reaction enthalpy measured in the DSC for the partially-cured sample 

containing carbon fibres and RTM6 resin. The degrees-of-cure obtained for each of the 

partially-cured articles summarized in Table 3.1 are reported in Table 3.2. In the average, the 

cure cycle of 160 °C during 23 minutes produced a nominal degree-of-cure of the order of   

≈50 % although significant variations are obtained (Δα≈±5 %). 

Material 
Thickness 

(mm) 

Weight Resin Content 

(%) 

Enthalpy  

(J/g) 

Tg 

(°C) 

Degree-of-cure 

(%) 

RTM6-1 NA NA 426.1 -15.2 
 

0 RTM6-2 NA NA 408.2 -14.8 

RTM6-3 NA NA 431.2 -14.9 

Article-2-1 
 

2.22 

 

33.3 

65.00 35.9  

49 Article-2-2 62.30 38.6 

Article-2-3 87.60 36.7 

Article-4-1  

1.67 

 

47.2 

98.10 41.7 
 

53 Article-4-2 95.90 43.3 

Article-4-3 87.10 42.9 

Article-5-1  

1.60 

 

45.1 

60.20 99.9 
 

71 Article-5-2 54.30 100.4 

Article-5-3 52.20 102.9 

RTM6 Hexcel*    196* 96* 

Table 3.2. Degree-of-cure and glass transition temperature for the articles manufactured for mechanical 

analysis. *Hexcel data for 96 % of degree-of-cure obtained from datasheet. 

The degree-of-cure was plotted against the glass transition temperature according to 

the results summarized in Table 3.2. Di Benedetto [84] suggests the variation of the glass 

transition temperature and the degree of conversion for thermosetting polymers follows the 

mathematical expression: 

                                                      
αλ

λα

)1(1
)( 00

−−
−+= ∞ gggg TTTT                                              (4.3) 

where Tg0 is the glass transition temperature of the monomers (Tg0 = 258.2 K (-15.0 °C)) , Tg∞ 

the glass transition temperature of the fully reacted system, and λ < 1 the ratio between the 
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isobaric heat capacities of the reacted and unreacted system. The former expression was 

fitted to our experimental results which showed this kind of functional dependence, Figure 

3.10. It should be noted that it was not possible to measure by DSC the glass transition 

temperature of the fully cured articles (180 °C during 2 hours). In that case, the result was 

substituted with similar data obtained by DMA analysis from the Hexcel RTM6 datasheet. For 

similar cure cycles, Hexcel reports 96 % of degree-of-cure being the corresponding glass 

transition temperature of 196 °C. 

 

Figure 3.10. Glass transition temperature dependence with the degree-of-cure. 

The parameters of the equation, λ = 0.295 and Tg∞ = 500 K (226.9 °C) were obtained 

by the least squares fitting of the experimental results, in this work have been a few 

experimental data since because it was trying to optimize the 50% degree-of-cure, hence 

more data in that degree-of-cure. This kind of expression could be useful to obtain indirectly 

the degree of cure from the glass transition measurement, easier to perform and less 
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dependent from the resin weight fraction of the composite article, especially if DMA analysis 

is performed. 

The degree-of-cure was reasonably homogeneous in the partially-cured articles 

manufactured by RTM. It was measured in the article manufactured with the cure cycle of 

160 °C and 23 minutes by using the RTM6 enthalpy of Table 3.2 (Article 6). The results are 

shown in Table 3.3 and also the position of the samples extracted for the DSC analysis. It 

should be noticed that a region of approximately 10 mm around the edges of the article 

remains more partially-cured than the central part of the article since the heating is located 

parallel to the 300 mm direction of the mould so it is less efficient in their edges. In the 

longitudinal direction (600 mm), the degree-of-cure was reasonably homogeneous with 

variations of ±5 % around the 50 % degree-of-cure target. 

Material 
Thickness 

(mm) 

Weight Resin Content 

(%) 

Enthalpy (J/g) Tg 

(°C) 

Degree-of-cure 

(%) 

Sample 1  

4.01 

 

28.0 

50.1 43 49 

Sample 2 41.9 47 41 

Sample 3 43.6 35 42 

Sample 4 109.1 7 10 

 

 

Table 3.3. Degree-of-cure distribution in the partially-cured (Article 6), and location of the different samples 

measured. 
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3.5. Consolidated Properties of Flat Articles 

3.5.1. Interlaminar Shear Strength ILSS 

Interlaminar shear tests were performed only for the G0926 fabric materials for the 

50% partially-cured and fully cured conditions according to the EN-2563 standard [73]. The 

ILSS strength was computed from the maximum of the load displacement curves registered 

in each individual test and the results are summarized in Table 3.4. In all the cases, the failure 

mechanism was identified as single shear and the interlaminar strength could be related to 

the resin strength (Figure 3.11 and 3.12). In such cases, the ILSS strength was retained and no 

significant influence of the results are observed.  

 

 

 

 

 

 

Table.3.4. Interlaminar shear strength of the partially-cured and fully cured materials. 

 

Figure 3.11. Cross section of the ILSS specimens after testing of fully cured. 

Specimen 

ILSS strength 

G0926 

Fully Cured (MPa) 

G0926  

Partially-Cured 50 % (MPa) 

1 70.8 61.5 

2 70.4 62.4 

3 67.9 62.4 

4 74.5 63.3 

5 68.8 65.8 

Average 70.5 63.1 

Standard Deviation 2.52 1.65 

CV (%) 3.57 2.59 
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Figure 3.12. Cross section of the ILSS specimens after testing of partially-cured with 50 % of degree-of-cure. 

3.5.2. Mode I Interlaminar Toughness GIC 

Interlaminar Fracture Toughness tests were performed according to the AITM 1-0053 

[74] standard in the partially-cured and fully cured states. The fabric, G0926, was used in the 

fully cured and partially-cured materials with a theoretical degree-of-cure of 50 % and 70 %. 

The purpose of experiments was to address the partially-cured state on the final fracture 

toughness in mode I of the materials manufactured. For this test a structural adhesive was 

used to join both parts of the sample so that artificial delamination could be inserted, finally 

it was post cured by autoclave. From a preliminary testing campaign, it was suspected that 

the structural adhesive was able to adapt to the manufacturing roughness of the partially-

cured materials; so therefore, the bonding line was in some extension diffuse as compared 

with the fully cured materials. A possible increase of the crack surface due to crack 

meandering through the more diffused bonding line could be responsible for the slight 

increase of the toughness detected in the partially-cured materials. 

Heating resistance problems arose during the manufacturing of the partially-cured    

50 % and fully cured articles. The total article length was significantly reduced due to the lack 

of two heat resistance cartridges and the dimensions corresponding to these two material 

conditions were set according to the ISO15024 standard [85]. The partially-cured 70 % 

specimen dimensions corresponded to the geometry specified by the AITM 1-0053 standard 

[74]. 
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The fracture toughness in mode I, GIC, was obtained from the load-displacement 

curves of the double cantilever beam specimens. It should mention that the specimen 

manufactured did not fit to the dimensions specified by the AITM 1-0053 standard [74] used 

in the experiments. The thickness of the specimens along the bonding line did not match with 

the specific values of 3±0.2 mm recommended by the standard. In any case, it is believed that 

such geometric variations did not contribute strongly to the final toughness values of the 

material, so therefore, they can be understood as a good approximation to the toughness in 

mode I as a material property.  

 

 

 

 

 

 

Table 3.5. Fracture toughness in mode I for the partially-cured and fully cured materials. 

The fracture toughness in mode I is presented in Table 3.5 for all the materials 

analysed. The degree-of-cure modified substantially the fracture toughness of the material, 

being the lower the degree-of-cure the higher the toughness 1033±47 J/m2 for 50 % of 

degree-of-cure and 1079±64 J/m2 and 833±165 J/m2 for 70 % and the fully cured condition, 

respectively, Figure 3.13. Probably, this effect was a consequence of the higher roughness of 

the partially-cured bonded surface and the lower directionality of the G0926 fabric. Figure 

3.14 showed optical micrographs taken at 5X magnification levels of the bonding line of the 

fabrics used and different curing conditions. The adhesive in the 50 % degree-of-cure was able 

to adapt to the bondable surface. However, 70 % of degree-of-cure and higher, the bonding 

line is totally straight indicating the loss of adaptation of the partially-cured fabric during the 

Specimen 

GIC toughness 

G0926 

Fully Cured 

(J/m2) 

G0926  

Partially-cured 70 % 

(J/m2) 

G0926  

Partially-cured 50 % 

(J/m2) 

1 697 1135 998 

2 806 1049 997 

3 1100 1171 1046 

4 966 992 1082 

5 689 1069 982 

6 741 1055 1094 

Average 833 1079 1033 

Standard Deviation 165 64 47 

CV (%) 19.9 5.9 4.6 
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post curing phase. These mechanisms could partially explain the notable increase of the 

interlaminar toughness showed in the G0926 fabric for 50 % of degree-of-cure. 

 

Figure 3.13. Toughness vs. Degree-of-cure for the G0926 laminates. 

 

a) 
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b) 

 

c) 

Figure 3.14. Optical micrograph (5X) of the bonding line corresponding to the materials manufactured with the 

G0926 fabric: a) 50 % of degree-of-cure, b) 70 % of degree-of-cure and c) fully cured. 

The fracture mechanisms are presented in Figure 3.15 for several specimens of the 

material analysed. The appearance of the fracture surface was an adhesive failure. 
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Figure 3.15 Fracture planes of the interlaminar tests performed on: a) fully cured, b) partially-cured with 70 % 

degree-of-cure and c) partially-cured with 50 % degree-of-cure of G0296 composite materials. 

The crack propagated mainly along the interface between the adhesive and the carbon 

layer in a more adhesive like failure mechanism, although some adhesive residues were visible 

in both surfaces of the adherents. 
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3.5.3. Low Velocity Impact and Compression After Impact (CAI) 

An article with 50 % of degree-of-cure (Article 6) and a fully cured article (Article 7) 

were used to address the behaviour of the partially-cured materials under low velocity 

impacts representative of manufacturing operations. The fabric G0926 was used to this end 

with the specific lay-up [45/0/45/0/45/0]s given. Tests were carried out according to the 

AITM1-0010 standard [76]. The partially-cured specimens were first machined from the 

composite article with the dimensions ≈170 x 120 mm. The 10 mm offset was applied to the 

150 x 100 mm geometry recommended by the standard in order to avoid significant thickness 

variations along the edges due to resin bleeding when applying the post cure cycle in the 

autoclave. The fully cured materials were machined directly to the 150 x 100 mm dimensions 

recommended by the standard. All the specimens are intended to be tested CAI compression 

in another phase of the project. 

Specimens were impacted using a drop weight tower Dynatup 5100. Six energy levels 

of 15, 20, 25, 30, 35 and 50 J were used in both partially-cured and fully cured materials. Only 

one specimen per condition/energy was used in the experiments for lack of material. The 

combination of masses and heights used in the tests are shown in Table 3.6. All the tests were 

performed at room temperature. The partially-cured materials were first conditioned (they 

were cool stored) in the lab at RT for approximately one hour. 

Energy (J) Mass (Kg) Height (m) Velocity (m/s) 

10 2.21 0.322 1.836 

15 2.21 0.483 3.079 

20 2.21 0.644 3.556 

25 2.21 0.805 3.975 

35 4.98 0.601 3.435 

50 4.98 0.859 4.105 

Table 3.6. Characteristics of the low velocity impacts performed in partially-cured and fully cured materials. 
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The images of the samples after the low velocity impact are presented in Figure 3.16 

and 3.17 for both curing conditions. The fully cured specimens exhibited the typical behaviour 

under low velocity impacts. Indentation marks in the contact surface corresponding to local 

stresses in the contact area and significant fibre failure in the rear face of the specimen. The 

impact for 50 J in fully cured specimen was failed due to impact deviation. C-Scan inspections 

were performed using a TecniTest TRITON 1500 ultrasound system to a frequency of 5 MHz. 

The results are summarized in Figure 3.20 for the fully cured and partially-cured materials. 

They showed large attenuation zones close to the impact zone being the damaged area 

increasing with the energy. 

 

Figure 3.16. Images of the fully cured samples after the low velocity impact for different energy levels. 

Specimens machined to 150 x 100 mm. 
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Figure 3.17. Images of the partially-cured samples after the low velocity impact for different energy levels. 

Specimens machined to 170 x 120 mm. 

The partially-cured specimens were not directly inspected by ultrasounds prior to the 

post cure consolidation in the autoclave. There was a general concern regarding the possible 

water absorption of the specimens during the inspection with ultrasounds, although 

subsequent studies demonstrated that the final water uptake in a humid environment during 

one month was relatively low. The direct visual inspections of the partially-cured specimens 

revealed no evident fibre breakage at the rear face of the specimens (as in their respective 

fully cured counterparts), but substantial deformation was created by two mechanisms: the 
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top indentation in the contact area in combination with ply wrinkling/delamination 

emanating from the contact point through the supporting edges of the specimen. 

A more detailed inspection of the 50 J partially-cured specimen was carried out by 

means of X-ray tomography (X-ray Nanotom Phoenix) available at IMDEA Materials facilities, 

from Figure 3.18, it was evident that partially-cured materials were flexible and the impact 

deformation is accommodated by substantial indentation in the contact area, ply wrinkles 

and interply delamination. In those zones affected by wrinkles, the fibres were misplaced in 

some extension as a consequence of the severe deformation imposed impact top. On the 

other hand, the fibre breakage, visually observed in most of the impact energies in the fully 

cured specimens, did not appear in the partially-cured ones. This was a possible indication of 

some material healing after the post cure consolidation in the autoclave. 

 

Figure 3.18. X-ray tomography of the partially-cured sample impacted with 50 J. Localized deformation in the 

contact area with significant ply wrinkling and interply delamination. 

The partially-cured specimens were finally post cured in the autoclave following the 

recommended prepreg cure cycle. After the consolidation, the large deformation observed in 

these materials was significantly reduced and almost disappeared. The RTM6 partially-cured 
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resin was able to flow, and, in combination with the external autoclave pressure, the material 

was finally consolidated although some small wrinkles were visible in the surface of the 

material for the highest impact energies, Figure 3.19. 

 

Figure 3.19. Partially-cured 50 J impact energy sample prior and after the final post cured consolidation in the 

autoclave. The external wrinkles consequence of the top indentation during the low velocity impact were 

almost removed from the composite after the consolidation in the autoclave. 

Finally, ultrasound inspections were performed at the partially-cured samples after 

autoclave consolidation and compared with the respective fully cured counterparts,          

Figure 3.20. No damage in the impact zone was observed in the composite articles when 

compared with the respective fully cured specimens. However, the distribution of the 

attenuation signals obtained from the c-scans inspections were not distributed 

homogeneously. The attenuation signals were concentrated in the edges of the samples, 

probably indicating that the compaction was not good around this area. According to the 

images showed in Figures 3.16 and 3.17, the large deflections consequence of the flexibility 

of the partially-cured specimens, were resolved by substantial deformation in the contact 



CHAPTER 3 DEVELOPMENT OF PARTIALLY-CURED FIBRE COMPOSITES 

 

 

82 

 

zone and wrinkles/delaminations emanating from the contact point through the edges of the 

laminate. The X-ray tomograms taken on the 50 J sample showed what can be catalogued as 

fibre/fabric displacement. After the consolidation, the fibre/fabric movements were not able 

to be corrected by resin flow and probably, this could be the source of the lack of compaction 

observed in the specimens.  

a) 

b) 

Figure 3.20. C-scan images of the partially-cured (first row) and fully cured (second row) sorted in ascending 

energy from left to right (10, 15, 20, 25, 35 J). 

Different cross sections were prepared in order to ascertain the possible fibre 

waviness caused by the impact in the partially-cured state. Specimens were extracted from 

partially-cured coupons impacted followed by the post cure in the autoclave as well as the 

base line materials tested in the fully cured state. The parts were extracted from these 

coupons and embedded in SpeciFix Resin (Struers) cylinders cured at room temperature 

during 8 h. The samples were polished automatically with 320 and 1200 SiC grit and finished 

sequentially with 6 and 1 µm diamond slurry. Micrographs were obtained using a 

metallographic microscope Olympus BX51 with 5X magnification level and finally composed 
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in a unique micrograph with a high resolution level. The results are summarized in Figures 

3.21, 3.22, 3.23 and 3.24 for partially-cured and fully cured specimens respectively impacted 

with 15 and 35 J of initial kinetic energy. 

 

Figure 3.21. Micrographs of a) longitudinal and b) transversal sections of the partially-cured article impacted 

with 15 J after post cure in the autoclave. 

 

Figure 3.22. Micrographs of a) longitudinal and b) transversal sections of the partially-cured article impacted 

with 35 J after post cure in the autoclave. 
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Figure 3.23. Micrographs of a) longitudinal and b) transversal sections of the fully cured article impacted with 

15J. 

 

Figure 3.24. Micrographs of a) longitudinal and b) transversal sections of the fully cured article impacted with 

35 J. 
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Micrographs corresponding to the longitudinal and transversal sections of the 

partially-cured materials impacted with 15 and 35 J shows the same behaviour, Figure 3.21 

and 3.22 a) and b). Significant porosity can be observed and this was the result of the post 

cure consolidation in the autoclave. The specimens were impacted in the partially-cured state 

causing significant deformations as it was showed in the previous sections. After the 

consolidation, the material was not able to fully recover the previous state and porosity 

appear as an induced residual effect. The opposite behaviour is observed in Figure 3.23 and 

3.24 a) and b) for the fully cured specimens. In this case, the impact is carried out on fully 

cured specimens producing significant damage in the form of matrix cracking and fibre failure. 

Additional articles (with 50 % and 100 % of degree-of-cure) were prepared to continue 

with the study of impact. The fabric G0926 was used with the specific lay-up 

[45/0/45/0/45/0]s given. Tests were carried out according to the AITM1-0010 standard [76]. 

All the specimens were impacted in a drop-weight apparatus using 30 J of initial kinetic 

energy. After the impact, the partially-cured materials were post cured in autoclave following 

the recommended prepreg cure cycle which was followed by final trimming to the                     

150 x 100 mm test dimensions. Compression after impact tests were performed in both 

configurations to address the effect of the low velocity impact damage on the composite 

material.  

A photograph of two of the specimens impacted are showed in Figure 3.25 for both 

configurations. The compression strength values after impact was determined according to 

the procedure outlined in the AITM1-0010 standard [76] and the results summarized in Table 

3.7. The results showed a significant increase of the CAI strength in the partially-cured state. 

The extensive deformation without fibre failure induced by the 30 J impact on the partially-

cured materials was removed by the post cure consolidation. As it was showed in Figures 3.21 

and 3.22 for impacts energies of 15 and 35 J, the post cure was not able to totally remove the 

indentation effects and residual porosity remained in the material. In any case, this 

permanent porosity was significantly lower than the damage induced by the impact, including 

fibre failure, in the fully cured condition, and this effect was responsible of the higher CAI 

strength. 
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Figure 3.25. Images of the impacted articles after the compression tests: a) article impacted in the partially-

cured state followed by the post cure, b) fully cured article. 

 

 

 

 

 

 

 

Table 3.7. Compressive after impact strength of the partially-cured and fully cured materials. 

3.5.4. Joining PCFRP 

Double Lap Shear (DLS) were carried out to ascertain the effect of using or not 

adhesive and the partially-cured materials. The articles have to be consolidated in the press 

of hot plates in order to have a piece shaped to be able to obtain of it suitable samples for 

the test. The specimens were trimmed from the articles using the dimensions specified in the 

AITM 1-0019 standard [79]. 

Specimen 

CAI Strength 

G0926  

Fully Cured 

(MPa) 

G0926  

Partially-cured 50% 

(MPa) 

1 218.7 300.8 

2 222.9 259.0 

3 221.9 359.0 

4 224.2 275.4 

5 225.0 349.5 

Average 222.5 303.3 

Standard Deviation 25 37.7 

CV (%) 1.11 12.45 
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The procedure started with different pieces were placed by PTFE's strip and in turn 

the false some place of the same material on the piece in order that this one could be shaped 

in the press. For it, it is necessary for the utilization of a film of PTFE, since the insert ones 

place wrapped in a film of PTFE in order to be able to be withdrawn after the conformation, 

Figure 3.26. 

 
a) 

  

    b)                                                                                                   c) 

Figure 3.26. a) Sketch of the manufacturing process of the article for the DLS specimens, b) Positioning of the 

strip of PTFE as demands the standard, and c) Placement of insert for shaped in press of hot plates with the 

corresponding film of PTFE. 

In this case, it is necessary to know in every moment the load to which there is 

submitted the piece and the displacement of the bonding. To this end, it arranges of an 

extensometer of 50 mm of initial length connected to the electromechanical testing machine 

(INSTRON 3384). It showed in Figure 3.27. Fact this, the test is realized up to break of the 

piece (Figure 3.28). 
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Figure 3.27. Sample between the grips of the testing machine, to the right, it has been placed an extensometer. 

 

Figure 3.28. Sample after the test, in the top figure, it can observe the surface of the fracture. 

With these two types of laminated, see Table 4.8, 5 groups have been made available 

from experimental samples: FFC, PCC, PCS, FPC and FPS.  

FFC Laminated Fully cured (FF) with structural adhesive (C) 

PPC Laminated Partially-cured (PP) with structural adhesive (C) 

PPS Laminated Partially-cured (PP) without adhesive (S) 

FPC Laminated Fully-Partially-cured (FP) with structural adhesive (C) 

FPS Laminated Fully-Partially-cured (FP) without adhesive (S) 

Table 3.8. Specific detail of every group of experimental samples. 



CHAPTER 3 DEVELOPMENT OF PARTIALLY-CURED FIBRE COMPOSITES 

 

 

89 

 

The mechanical characterization of the obtained samples has consisted of the 

determination of the shear strength by means of DLS test according to the AITM 1-0019 

(1997) standard [79] in order to determine the influence of the degree-of-cure. 

Later, a summary of the results appears. To give support to these results, also it will 

arrange of two photos, corresponds to the previous and later face of the sample, 

representative of the surface of fracture taken by means of a digital camera attached to an 

optical microscope Olympus SZX10 with 0.63X magnification levels. 

3.5.4.1. FFC (Laminated Fully Cured with Adhesive) 

Sample Overlapping area 

(mm2) 

Maximum Shear Strength 

(MPa) 

Type of failure 

FFC_01 623.75 27.40 Cohesive 

FFC_02 606.63 26.72 Cohesive 

FFC_03 604.43 29.27 Cohesive 

FFC_04 606.91 25.20 Cohesive 

FFC_05 608.73 28.68 Cohesive 

Average 610.20 27.45 N/A 

Table 3.9. Experimental results for the FFC samples 

   

Figure 3.29. Surface of fracture of the FFC samples 
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3.5.4.2. PPC (Laminated Partially-Cured with Adhesive) 

Sample Overlapping area 

(mm2) 

Maximum Shear Strength 

(MPa) 

Type of failure 

PPC_01 624.25 22.20 Mixed 

PPC_02 622.25 23.67 Mixed 

PPC_03 650.05 21.03 Mixed 

PPC_04 653.39 16.92 Mixed 

PPC_05 639.05 21.74 Mixed 

Average 637.79 21.11 N/A 

Table 3.10. Experimental results for the PPC samples 

   

Figure 3.30. Surface of fracture of the PPC samples 

3.5.4.3. PPS (Laminated Partially-Cured without Adhesive) 

Sample Overlapping area 

(mm2) 

Maximum Shear Strength 

(MPa) 

Type of failure 

PPS_01 647.34 23.87 Cohesive 

PPS_02 626.25 24.55 Cohesive 

PPS_03 629.68 21.39 Cohesive 

PPS_04 622.45 19.61 Cohesive 

PPS_05 628.75 20.17 Cohesive 

Average 630.89 21.92 N/A 

Table 3.11. Experimental results for the PPS samples 
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Figure 3.31. Surface of fracture of the PPS samples 

3.5.4.4. FPS (Laminated Fully Cured-laminated Partially-Cured without Adhesive) 

Sample Overlapping area 

(mm2) 

Maximum Shear Strength 

(MPa) 

Type of failure 

FPS_01 611.69 4.35 Cohesive 

FPS_02 612.51 2.57 Cohesive 

FPS_03 605.40 5.76 Cohesive 

FPS_04 618.01 18.71 Cohesive 

FPS_05 544.19 19.60 Cohesive 

Average 598.51 10.20 N/A 

Table 3.12. Experimental results for the FPS samples 

   

Figure 3.32. Surface of fracture of the FPS samples 
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3.5.4.5. FPC (Laminated Fully Cured-laminated Partially-Cured with adhesive) 

Sample Overlapping area (mm2) Maximum Shear Strength 

(MPa) 

Type of failure 

FPC_01 634.86 24.77 Mixed 

FPC_02 643.35 21.93 Mixed 

FPC_03 638.01 23.37 Mixed 

FPC_04 637.70 20.04 Mixed 

FPC_05 638.68 20.57 Mixed 

Average 638.52 22.14 N/A 

Table 3.13. Experimental results for the FPC samples 

  

Figure 3.33. Surface of fracture of the FSC samples 

3.5.4.6. Comparative Graph of Results 

The results obtained in the different groups of experimental samples in order to 

simplify the comparison of results were shown in Figure 3.34. 
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Figure 3.34. Average values from shear strength of every experimental group 

As for the study properly of the mechanical properties of the bonding, since 

conclusions it has decided: The current technology of the bonding with fully cured laminated 

and structural adhesive, provides a shear strength for the materials of 27.45 MPa, whereas 

using a bonding with partially-cured laminated and structural adhesive, the strength decrease 

lightly to 21.11 MPa. In this case, the bonding is of irregular geometry, the adhesive adapts to 

the roughness of the partially-cured, being the break of mixed type, Figure 3.35. 

 

a) 
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b) 

Figure 3.35. a) Line of adhesive in a piece with fully cured laminated, b) Line of adhesive in a piece with 

partially-cured laminated. 

Therefore, the loss of strength obtained in materials with partially-cured laminated 

and structural adhesive opposite to materials with fully cured laminated and structural 

adhesive is a reasonable loss in some applications that need minor strength for what. Using 

partially-cured laminated and removing the structural adhesive, similar strength to the 

previous one obtain, which indicates that the break was controlled by the resin of the 

composite material. These tests give a certain viability to the removal of the use of the 

structural adhesive through the studies must be completed in a future. The utilization of the 

combination of partially-cured laminated and fully cured laminated like way of realizing the 

bonding, reported very notable decreases of the shear strength when structural adhesive was 

not in use for what it would seem to indicate the inability of the technology in this type of 

bonding. 

3.6. Conclusions 

This chapter develops the manufacture partially-cured with different thicknesses and 

degrees-of-cure. The partially-cured articles were prepared using Vacuum Assisted Resin 
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Transfer Moulding with a modified cure cycle that permits a homogeneous distributed 

targeted degree-of-cure within the part. The following conclusions are drawn from the work 

presented in this chapter: 

• A consistent manufacturing method for partially-cured articles was developed. To 

this end, a simple mould heated with resistance cartridges and cooled by room 

temperature water was designed which was able to consistently produce partially-

cured articles for a given degree of cure. 

 

• The manufacturing method for the partially-cured materials established a 

reasonable control of the homogeneity and extension of degree of cure in all the 

article. The curing cycles of 160°C during 23 minutes and 160°C during 42 minutes 

allowed obtaining partially-cured panels with average degree of cure of 50 and 

70% respectively. The differential scanning calorimeter method DSC introduced 

experimental scatter when dealing with the exact resin quantity of the composite 

material. Other methods based on the determination of the glass transition 

temperature by dynamic measurements by DMA could be interesting to be applied 

for further developments. The relation between glass transition temperature and 

degree of cure should be used for such analysis. 

 

• The mechanical properties of the materials were analyzed by means of ILSS, and 

GIC tests. The results showed consistency and the mechanical properties were 

retained in the partially-cured state as compared with the fully cured 

counterparts. 

 

• The behavior of the partially-cured materials when subjected to low velocity 

impact representative of operations during the final manufacturing was good. The 

partially-cured specimens did not suffer fibre breakage and the impact action was 

resolved by significant deformation in the form of ply wrinkling and possible 

delaminations. However, after post cure in autoclave, most of this large 

deformation disappeared. 
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• New impact tests were carried out using 30 J of impact energy. Specimens were 

submitted to test to obtain the compression after impact strength in the two 

conditions analyzed: impact on 50% partially-cured specimens and subsequent 

post cure in autoclave, and direct impact on fully cured specimens. The results 

showed that the partially-cured material was able to recover part of the CAI 

strength caused by the impact due to the post cure in the autoclave. However, the 

micrograph inspections demonstrated that some residual porosity due to the 

impact (open gaps) was not totally removed. 

 

• In addition, DLS (double lap shear) joints were tested to check the compatibility of 

the partially-cured materials with or without adhesive with fully cured materials. 

The results were not decisive. 
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In this chapter, the main objective was to design a manufacturing method to produce 

complex shape partially-cured composite articles with the purpose of a posterior integration 

with other composite parts that will be cured in a subsequent cycle. To this end, a T-shape 

stringer was selected as a potential candidate for integration with fresh and cured prepreg 

skins representative of a typical cross-section of an airframe structure. Stringers preforms 

were prepared by hand lay-up, impregnated and partially-cured using Vacuum Assisted RTM 

method as described in the previous chapter. Near net-shape trimming and machining 

operations in partially-cured materials could potentially be difficult because the partially-

cured state of the resin. Specific trimming methods were developed in the thesis to reduce 

such difficulties delivering T-stringers with a controlled final shape prior to the final 

integration with prepreg skins. The quality of the resulting partially-cured stringer was 

addressed in terms of degree-of-cure homogeneity.  

4.1. Manufacturing of T-shape Stringers. Degree-of-cure Distribution 

As a demonstrative use-case, the manufacturing of two T-shape stringers with a 

predefined degree-of-cure, 50 and 70 %, will be described in this section. The integration and 

the final autoclave consolidation with fresh and fully cured prepreg skins were used to 

address the adaptability performance of the partially-cured product. The activities related 

with this manufacturing process involves several sequential steps as the preform 

manufacturing, resin injection and cure cycle, final trimming and machining operations. 

The overall dimensions used in the partially-cured stringers are presented in           

Figure 4.1 a) and corresponded to a 60 x 50 mm2 T shape specimen with constant 2.9 mm 

thickness flanges and web  following the [+45,-45,-45,+45] stacking sequence. The length of 

the stringer was 690 mm. The stringer contains also two 1/10 and 1/15 slope stages spaced 

150 mm between them, see Figure 4.1 b). The cross-section of the stringer was created by 

assembling two L-shape semi-stringers with a cap layer of 2.9 mm fabric thickness following 

the same [+45,-45,-45,+45] stacking sequence. The materials used for the stringers were the 
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same than those used for the flat partially-cured panels: Hexcel RTM6 resin and Hexcel G0926 

dry carbon fabric with 0.363 mm of cured ply thickness. 

  
a) 

b) 

Figure 4.1. Geometrical description of the T stringers (dimensions in mm): a) cross section, b) lateral view of 

with the 1/10 and 1/15. 

4.1.1. Tools and Manufacturing Methods 

4.1.1.1. Hot-forming Tooling 

The stringers preforms were prepared by hand lay-up of G0926 layers using a specially 

designed fixture according to the dimensions of the specimens and the requirements of 
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Airbus Spain, Figure 4.2. The fixture was manufactured using aluminium. The hot-forming tool 

was engraved, longitudinal and transversally, with 1.5 mm channels to facilitate cutting 

operations. Preforms were obtained leaving 10 mm of cutting ridges, being, therefore,             

80 x 60 mm2 the final dimensions cross-section of the preform. The hot-forming of the layers 

was prepared according to the Airbus specifications and, essentially, involves the vacuum bag 

binding of the dry G0926 layers in a furnace during 1 hour at 80 °C. For those regions with 

slope changes, a manual iron was applied to ensure no wrinkles were present in the preform 

prior to the injection. 

  

a)                                                                            b) 

  

                                c)                                                                            d) 

Figure 4.2. Preforming operations: a) U shaped preform prior to cutting into two symmetric L profiles, b) L 

profiles after cutting, c) Capping forming and cutting, d) Stringer preform final assembly of the two L's and the 

capping. 
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The hot-forming tool allows, with the same fixture, to prepare the two L's and the 

capping parts necessary to assembly the stringer preform. The procedure is described in 

Figure 4.2 where the different operations are shown in detail. Roving was also preformed to 

straight circular rods of 6 mm diameter and introduced into the T preform prior to its insertion 

into the mould. The roving was created from individual yarns extracted from the same G0926 

fabric. A total of 16 tows were initially used to create the roving be inserted at the junctions 

between the two L's and the capping layer of the preform although this number was increased 

to 24 for the lastest injection trials. 

4.1.1.2. Resin Transfer Moulding Tools 
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Section A-A 

 
  

       Section B-B                                                               Section C-C 
 

Figure 4.3. Views and Transversal sections of the mould. 

The stringers preforms manufactured according to the procedure indicated in the 

previous paragraphs were injected using a three-part mould following the specifications 

indicated by Airbus, Figure 4.3. The mould material was carbon-steel in this case and was 

manufactured with dimensions accounting for length changes at the curing temperature. 

Mould closing is attained by standard mechanical screws through the entire external contour 

(closing in two perpendicular directions). Four cartridge heaters groups (150 W) were 

mounted in a common transversal section to heat up the stringer web while a unique (500 

W) cartridge was used for the stringer flange as it was showed in Figure 4.4 a). Both heating 

systems (web and flange) were mounted independently in a set of transversal sections to 

ensure a good temperature homogeneity. Each heating resistance was instrumented with a 
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K thermocouple to control the power delivered by a PID system, Figure 4.4 a). A special 

controlling unit was developed to control independently a total of 16 resistances groups, a 

group of 4 (150 W) and 1 resistance (500 W), for the web and flange independently and 

repeated through eight different cross sections of the mould.  

A simple finite element model was developed to ensure the temperature distribution 

within the mould was homogenous. The model is based on the heat transfer equations 

including the heat exchange through the cartridge resistances as heat entrance and natural 

convection through the mould walls acting as a heat sink. The computations were carried out 

using Abaqus Standard with two different parts, mould and stringer, exchanging heat 

between them. A target temperature was imposed to the heat cartridge resistances elements 

until the steady-state regime was attained in the whole system. The maximum temperature 

difference between the different points of the stringer obtained with the FE model was less 

than 5 °C which was judged low enough to fulfill the final specificatons regarding the degree 

of cure of the semicured stringer, Figure 4.4 c) and d). 

Provisions were also made for the water circulation at the three parts of the mould, 

Figure 4.4 b). It should be mentioned again, that the heaters and coolers were not placed in 

the same cross section in order to distribute the heating and cooling loads uniformly over the 

length of the mould.  

The mould cooling-down from the curing temperature is carried out in two stages. 

First, by direct water at room-temperature conducted through the mould until the 

temperature decreased to ≈20 °C. This temperature is low enough to handle and open the 

mould. However, an additional temperature drop to ≈-5 °C is performed from 20 °C using 

ethanol as cooling fluid. This last operation is done to ensure that the manipulation of the 

partially-cured stringer is correct without any external deformation imposed by the operator. 

The partially-cured stringer is still in a deformable situation and simple demoulding forces are 

large enough to produce significant deformations. Moreover, the tackiness of the partially-

cured resin at room temperature is high for handling and, thus, cooling down to -5 °C helps in 

the manipulation of the partially-cured article. 
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                a)                                                                              b) 

 

                                    c)                                                                              d) 

Figure 4.4. a) Sketch with the distribution of heating resistance in a transversal section, b) Sketch with the 

cooling fluid flow distribution in a transversal section, c) Temperature field in the mould obtained by FEM, d) 

Temperature field in stringer obtained by FEM. 

Due to the complexity of the part, a T shape profile, it was decided to inject the stringer 

using a three-part mould and using two-level seals to avoid resin injection leaks, Figure 4.5 c) 

and d). Several silicone seals with different cross-sections and flexibility were used to this end. 

A seal geometry, producing negligible interferences on the final part thickness was found        

(5 mm circular hollow silicone tube with 3 mm inner diameter). Special care was taken in the 

seal intersections at the web/flange zone as a T junction between the three parts of the mould 

produces, as a result, the weakest point from the injection viewpoint. Prior to starting the 

injection trials campaign of the stringers, the mould performance was verified in terms of 

tightness checking with corn syrup as the injection fluid. No fluid leaks were recorded in the 

trial and the mould was judged ready for the stringer injections with resin. 
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a) 

 

b) 

  

  c)                                                                                 d) 

Figure 4.5. a) and b) Details of the mould used for the injection of the stringers (closed), c) and d) Details of the 

T junctions of the seal at the web/flange stringer intersection. 



CHAPTER 4 MANUFACTURING OF Complex PCFRP 

 

 

106 

 

 

 

 

                                               Section G-G                                                                        Section H-H 

Figure 4.6. Distribution of inlet and outlets used in the injections of the stringer preforms. 

The mould contained a total of 7 outlets (3 mm diameter) to the vacuum pump 

(injection assisted by vacuum at the outlet gates) which were contained in the capping plane 

(four at the corners of the mould cavity and three equally spaced along the web line),        

Figure 4.6. A unique resin entrance (3 mm diameter) was used for the injection which was 

located at the centre of the mould in the stringer web, Figure 4.6. Preform fabric is inserted 
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in the mould leaving resin channels in the longitudinal direction of the stringer (3.5 mm 

channels for the flange edges and 8 mm for the web). The resin channels were used to deliver 

the resin longitudinally through the preform as soon as possible facilitating the rapid 

saturation of the fabric. 

  

Figure 4.7. Details of the injection system. Temperature control unit, cooling system, resin pot and vacuum 

pump lines. 

The whole injection system is presented in Figure 4.7 where the different parts 

aforementioned are clearly observed. The resin is injected with a pressure range between 2 

and 4 bars were used in all the trials. The injections were carried out vertically, leaving the 

vacuum ports connected to the resin trap and the vacuum pump in the lower part of the 

mould. Although this strategy is not usual, venting ports are normally placed at the upper part 

being the injection points in the lower to favour bubble transport by gravity, it was preferred 

due to the simplicity of its implementation. 

4.1.1.3. Trimming and Machining Tooling 

Trimming and machining operations in partially-cured materials could potentially be 

difficult because the partially-cured state of the resin. The partially-cured resin is very 

deformable and heat generated by friction during machining, the resin can soften allowing 

the fabric tows to move free inducing enormous difficulties in the trimming by either material 

blunting, ply delamination, etc. Therefore, specific trimming procedures were developed in 
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the thesis to reduce such difficulties delivering stringers with a controlled final shape prior to 

the integration with prepreg skins. 

The procedure is based on clamping the laminate edges during trimming. The fixture 

used for trimming operations is shown in Figure 4.8. A set of 5 clamping points were used to 

maintain the stringer in position against a rigid support. Prior to any material trimming, the 

stringer was protected using polyester layer to avoid any surface contamination,                  

Figure 4.8 a). 

For the flange trimming, a thin steel strip is previously folded with the final shape of 

the flange including the 1/10 and 1/15 slopes, Figure 4.8 b) and c). The edge is clamped in the 

fixture using a lower support replicating the same geometry than the flange and trimming is 

carried out with a manual cutting disk, Figure 4.8 d). 

  

                   a)                                                                               b) 

  

                                       c)                                                                               d) 

Figure 4.8. a) Protective layer to avoid surface contamination, b) Steel strip folded replicating the 1/10 and 

1/15 slopes, c) Stringer web ready to trim, d) Manual trimming by cutting disk. 
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For the web trimming, two steel-strips were machined replicating the exact geometry 

of the stringer, Figure 4.9 a). The cutting procedure was manual as in the previous case, Figure 

4.9 b). The procedure outlined in this section ensure no damage/delamination induced by 

trimming. 

  

                                         a)                                                                                  b) 

Figure 4.9. a) Steel strips with the geometry of the stringer web, b) Manual trimming by cutting disk. 

4.1.2. Manufacturing of the VaRTM Partially-cured Stringers 

The two L's, capping layer preforms were vacuum bagged and consolidated using 

G0926 dry carbon fabrics following the [+45,-45,-45,+45] stacking sequence (being 0 the 

longitudinal direction of the stringer) according to the procedure described previously. The 

two L's, the capping layer and the roving (placed at the beam/flange junction) were laid in the 

mould cavity. The mould is closed sequentially. First, the two L's are inserted at the gap 

between the two corresponding mould parts which were slightly tightened, Figure 4.10 a). 

Second, the roving and the capping layer were placed in the upper part, Figure 4.10 b) and c). 

A non-silicone rubber strip was used at the edges of the stringer to avoid any direct leak from 

the inlet to the four outlets located at the corners of the mould, Figure 4.10 d). Peel-ply was 

used for the bonding surface of the cap layer, Figure 4.10 e). Finally, the screws are tightened 

incrementally until the mould faces are in a clear steel-to-steel contact, Figure 4.10 f). 
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                       a)                                                                                   b) 

   

                                      c)                                                                                   d) 

   

                               e)                                                                                  f) 

Figure 4.10. a) L's preforms laid in the mould, b) Roving inserted at the web/flange junction, c) Flange capping, 

d) A non-silicone rubber strips installed to avoid direct resin leaks from inlet to corner outlets, e) Peel-ply 

placement, f) Closing upper part of the mould. 

 



CHAPTER 4 MANUFACTURING OF Complex PCFRP 

 

 

111 

 

Resin inlet corresponded to the central entrance in the upper part of the mould and 

was connected with the resin pressure port. Resin outlets (4 at the corners and 3 equally 

spaced in the flange/web line) were connected to the vacuum trap and pump to assist during 

resin injection. Cartridge resistances were connected and controlled through 16 independent 

channels of the controlling unit. The cooling system was connected but not operative until 

the end of the cure cycle. As it was mentioned previously, first, the system was cooled with 

room temperature water until the temperature of the mould is lowered to ≈20 °C. After that 

point, an in order to manipulate easily the partially-cured articles, an extra over-cooling to    

≈-5 °C is carried out.  

The over-cooling procedure facilitates the extraction of the partially-cured article from 

the mould that was perfectly clean without any external deformation due to demoulding 

forces, Figure 4.11 a). Partially-cured stringers were stored first in the fridge at 2 °C to 

maintain the degree-of-cure and, when necessary, submitted to trimming and machining 

operations prior to the integration with the prepreg skins, Figure 4.11 b). 

 

a) 

 

b) 

Figure 4.11. a) Extraction of a partially-cured stringer from the mould, b) Partially-cured stringer after 

manufacturing. 
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The resin is previously heated in the pressure pot at 80 °C and the mould at 100 °C 

waiting for the injection time. The injection pressure was 3 bars in all the cases which was 

attained with the standard compressed air line and a pressure gage regulator. The inlet gate 

is closed after the resin flows clearly from all the outlet ports. At this moment, all the 

inlet/outlet ports are closed and the temperature is raised up to 140 and 180 °C for the 

partially-cured and fully cured stringers respectively. The targeted degree-of-cure is obtained 

by subjecting the stringer to 140 °C during a specified cure cycle time. This latter processing 

parameter was selected on different trials and errors combined with the degree-of-cure 

measurement through differential scanning calorimetry.  

4.1.3. Degree-of-cure Distribution 

The degree-of-cure was obtained for each of the trials by extracting small portions of 

the material for differential scanning calorimetric (DSC) analysis after manufacturing. In 

addition, it was decided to manufacture a single stringer to evaluate the degree-of-cure 

homogeneity within the stringer part.  

Several coupons were extracted from this stringer to evaluate the degree-of-cure by 

means of DSC and DMA at the positions showed in Table 4.1 and Table 4.2. The glass transition 

temperature Tg and the degree-of-cure obtained are presented in Table 4.1 and Table 4.2. 

 

Stringer. Location of coupons for DSC analysis 

Analysis Differential Scanning Calorimetry (DSC) 

Glass Transition Temperatures (°C) 

(Ramp 10 °C/min to 310 °C) 

Web (35.7±0.9 °C) Degree-of-cure (47.3±0.6 %) Flange (35.6±2.0 °C) Degree-of-cure (47.3±1.5 %) 

Tg1 = 36.0 °C α1 = 47.5 % Tg1 = 34.9 °C α1 = 46.8 % 

Tg2 = 36.8 °C α2 = 48.0 % Tg2 = 37.4 °C α2 = 48.4 % 

Tg3 = 35.5 °C α3 = 47.2 % Tg3 = 37.7 °C α3 = 48.6 % 

Tg4 = 34.6 °C α4 = 46.6 % Tg4 = 32.7 °C α4 = 45.4 % 

Table 4.1. Glass transition temperatures (°C) and degree-of-cure (%) by DSC. 
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Stringer. Location of coupons for DMA analysis 

Dynamic Mechanical Analysis (DMA) 

Relaxation Modulus (MPa) and Glass Transition Temperatures (°C) 

(Ramp 3 °C/min to 300 °C 1 Hz 20 µm Single Cantilever) 

Web (51.6±1.0 °C) Degree-of-cure (56.3±0.5 %) Flange (49.7±1.6 °C) Degree-of-cure (55.3±0.9 %) 

E’1 = 7581 MPa  

T1 relaxation Tg of E’’ = 52.4 °C 
α1 = 56.7 % 

E’1 = 10147 MPa  

T1 relaxation Tg of E’’ = 50.7 °C 
α1 = 55.8 % 

E’2 = 8470 MPa  

T2 relaxation Tg of E’’ = 52.3 °C 
α2 = 56.6 % 

E’2 = 10675 MPa  

T2 relaxation Tg of E’’ = 51.0 °C 
α2 = 56.0 % 

E’3 = 7413 MPa  

T3 relaxation Tg of E’’ = 51.4 °C 
α3 = 56.2 % 

E’3 = 10928 MPa  

T3 relaxation Tg of E’’ = 49.6 °C 
α3 = 55.3 % 

E’4 = 8093 MPa  

T4 relaxation Tg of E’’ = 50.2 °C 
α4 = 55.6 % 

E’4 = 11200 MPa  

T4 relaxation Tg of E’’ = 47.4 °C 
α4 = 54.1 % 

Table 4.2. Glass transition temperatures (°C) and degree-of-cure (%) by DMA. 

Irrespective to the method for determining the glass transition temperature (DSC or 

DMA), small spatial variations (between web and flange positions and along the stringer 

length), < 5 °C, were recorded, thanks to the homogeneous temperature distribution within. 

Therefore, for the purposes of the project it was established that the quality of the stringer 

articles was a good in terms of homogeneity and degree-of-cure achieved. 

The degree-of-cure was obtained from the glass transition temperature using the        

Di Benedetto expression fit to experimental results obtained in a previous chapter,             

Figure 4.12. Despite the methodological differences for the glass transition determination 

using DSC or DMA, the degree of cure attained was similar in both cases and within the range 

of 45-55 % (note the 10 % range variation is not due to spatial in-homogeneities of 

temperature but due to the Tg determination methodologies). Therefore, the stringer cured 

with 140 °C - 80 minutes was able to fulfil the requirements of a homogeneous degree-of-

cure in the range of 45-55 %. In addition, a stringer was cured with 140 °C - 150 minutes 

yielding a degree-of-cure of approximately 70%. 
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Figure 4.12. Degree of cure vs Glass Transition temperature obtained for RTM6/G0926 composite materials 

manufactured by VaRTM. 

4.2. Consolidation and Post Curing 

The partially-cured stringers produced following the previous methodology were 

integrated to evaluate their adaptability performance. This part describes the activities 

related with this secondary manufacturing process that involves several steps: stringer 

assembly, vacuum bag preparation and curing, visual inspections, dimensional and NDT 

evaluation and final adaptability checking by means of micrographs. 

Two integration trials were presented in the following paragraphs using partially-

cured stringers. They will be representative of soft and hard substrates using, respectively, 

fresh and fully cured skins: 
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• Integration 1: Partially-cured stringer (50 % of degree-of-cure) integrated with a 

fully cured prepreg skin, a hard substrate, using angular caul plates inside the 

vacuum bag. Caul plates are introduced to avoid web distortion during curing in 

the autoclave. The stringer was placed out-of-phase 50 mm in the longitudinal 

direction to simulate a possible manufacturing missplacements during integration. 

The objective was to evaluate the adaptability performance of the stringer when 

stringer foot and skin geometry do not match in shape.  

• Integration 2: Partially-cured stringer (70% of degree-of-cure) integrated with a 

fresh prepreg skin using direct vacuum bag without auxiliary caul plates. The 

higher degree-of-cure was introduced to eliminate the need of caul plates to 

maintain the geometry of the web during the cure cycle. In addition, to avoid 

excessive deformations and ply wrinkles in the skins during consolidation,                

10 x 2.9 mm chamfers at the stringer flanges were introduced prior to the 

integration.   

All tooling with the exception of the steel angular caul plates were previously defined. 

The caul plates were manufactured in steel according to the specifications indicated by 

Airbus, Figure 4.13.  
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Figure 4.13. Angular caul plates used in the integration trials. 

4.2.1. Integration 1 

As it was mentioned, during this trial, a longitudinal stringer displacement was induced 

in order to check the ability of the partially-cured stringer to an adaptation to a non-matching 
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surface. The out-of-plane displacement of δ=50 mm was imposed prior to the assembly of the 

stringer with the cured prepreg skin as it is shown in Figure 4.14 a) and b). Consolidation was 

carried out using angular steel plates inside the vacuum bag as representative of standard 

assembly manufacturing process at the industrial level. The purpose of the caul plates was to 

maintain the geometry of the web during curing. 

    

a) 

   

b) 

Figure 4.14 a) Sketch of the stringer and cured skin assembly for integration trials. The stringer was totally 

displaced δ=50 mm (out-of-phase), b) Stringer position prior to vacuum bag operations. 

After consolidation in autoclave following the recommended prepreg cure cycle, the 

specimen was demoulded and visually inspected, Figure 4.15 a). This integration 

corresponded, Figure 4.14 b), to the partially-cured stringer with the cured prepreg skin with 

the out-of-phase displacement of δ=50 mm. The images presented in Figure 4.15 were taken 

after cutting to extract coupons for micrograph inspections. As it was mentioned, 

consolidation was carried out using angular steel plates inside the vacuum bag as 

representative of standard assembly manufacturing process. The partially-cured stringer was 

1/5 stage

autoclave consolidation

out-of-phase stringer
displacement

d
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forced, then, to "unfold" the previously formed stages in the VaRTM mould and reshape again 

thanks to the angular caul plates, Figure 4.15 b) and c). 

The partially-cured stringer was able to adapt to the shape imposed by the angular 

caul plates even if the stages were misplaced 50 mm with respect to the original shape, which 

was considered an upper bound of a factory misplacement. Therefore, the regions of the 

stringer, originally placed at the 1/10 and 1/15 stages areas, were forced to consolidate in the 

straight part of the skin. Only minor marks of the former shape were present in the stringer 

being the original shape of the stringer totally corrected by the caul plates. This was called 

unfolded forming of the stringer. Only, some minor resin accumulations/fibre missplacements 

at the radius of the stringer were present, probably caused by peel-ply and release film 

bridges produced in this area during the manufacturing, Figure 4.15 d) and e). These two 

zones corresponded to the initial positions, prior to the integration, of the 1/10 and 1/15 

stages. In addition, no web inclination was recorded due to the use of the angular caul plates 

inside the vacuum bag. The thickness achieved in the web was 3.05-3.10 mm. 

Moreover, thanks to the lessons learned during this trial, it was thought that a 

manufacturing process involving the generation of straight partially-cured articles could 

potentially be interesting in a secondary forming process as the partially-cured material was 

able to reshape to the 1/10, 1/15 and even the 1/5 stages imposed.  

 

a)   
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                                     b)                                                                                   c) 

 

 
                                d)                                                                                           e) 

 

Figure 4.15. Integration trials: a) Longitudinal view, b) Detail of the area in the 1/15 stage, c) Detail of the area 

in the 1/5 stage (no wrinkles are formed due to the internal to the vacuum bag caul plates), d) and e) Detail of 

resin accumulation/fibre deformation at the stringer radius in the section were the 1/15 and 1/10 stages were 

initially situated prior to the integration. The average bonding line are 0.128 and 0.146 mm, respectively. 

Micrographs were obtained in the stringer sections containing the 1/15, 1/10 and 1/5 

stages after the integration to check the thickness of the bonding line and the homogenous 

distribution of the adhesive, Figure 4.16. The results showed consistent distribution and 

thickness comparable to other integration trials.  
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Figure 4.16. Micrographs of bonding line of the stages areas after integration. Average bonding line thickness 

of 0.142, 0.154 and 0.146 mm for the 1/15, 1/10 and 1/5 stages (porosity due to oven cured skin to save extra 

autoclave consolidation). 

The integration was inspected by ultrasounds using a Technitest Triton 1500 

equipment with a Socomate USPC3100 acquisition card with a 5 MHz ultrasound probe. The 

scanning in this case was centred on the compaction achieved at the web of the stringer as it 

has suffered high reversal deformations due to the out-of-plane displacement imposed. The 

attenuation plots showed certain degree in-homogeneities in those zones were the material 

was unfolded from the previous shape acquired during the injection phase, Figure 4.17. 

 

 

Figure 4.17. C-Scan inspections of integration trials: Lateral view Integration Trial (unfolded web). 
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4.2.2. Integration 2 

In this case, the stringer degree-of-cure was ≈75 % in order to check the effect on the 

web inclination during the consolidation without caul plates. The stringer was split again in 

two parts. The part including the 1/10 and 1/15 stages was integrated with a fresh prepreg 

skin. This part of the stringer was previously machined to incorporate two chamfers to avoid 

ply wrinkles at the stringer flange to skin contact, Figure 4.18 a). The chamfers were 

introduced manually using a polishing disk, Figure 4.18 b). The final assembly prior to vacuum 

bagging operations is showed in Figure 4.18 c) and d). 

   

                                  a)                                                                                                b) 

 

c) 
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d) 

Figure 4.18. a) Sketch of the chamfered section of the stringer, b) Polishing operations to machine chamfers at 

the stringer flange, c) and d) Stringer and cured skin assembly for integration containing 1/10 and 1/15 slopes. 

The integration was consolidated in autoclave with fresh prepreg skins using direct 

vacuum bag without caul plates with the recommended cure cycle, the specimens were 

demoulded and visually inspected, Figure 4.19 a), b) and c).  

The chamfers at the stringer flange edges were introduced with the aim to remove 

the wrinkles generated on the fresh prepreg skin due to the pressure induced by the stringer 

onto the fresh prepreg skin. The visual inspections revealed the wrinkles were removed and 

the final quality of the product was essentially good, Figure 4.19 c). 

No web inclination was recorded as the stringer was partially-cured at 75%. The 

thickness achieved in the web was 3.00-3.10 mm in both cases. The elimination of the caul 

plates using a degree-of-cure of 75% was judged to be probed thanks to the results obtained 

in this integration. 

 

a) 
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b) 

 

c) 

Figure 4.19. Integration trial: a) Longitudinal view, b) and c) Transversal view. Partially-cured stringer 

containing the 1/10 and 1/15 stages using fresh skin and direct vacuum bag. 

A significant wrinkle amplitude reduction with respect to the integration case without 

chamfers were observed in the case of this integration trial. The chamfer edges were able to 

transfer the pressure more homogeneously to the skin resulting in a moderate wrinkle 

formation, Figure 4.20. 
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Figure 4.20. Detail of the wrinkle formed at the stringer flange/skin contact during integration. The wrinkles are 

reduced in magnitude when using chamfered sections of the stringer. 

The integration trial was also inspected by ultrasounds using a Technitest Triton 1500 

equipment with a Socomate USPC3100 acquisition card with a 5 MHz ultrasound probe. The 

summary of the inspections (C-Scan attenuation plots) are showed in Figure 4.21. First, the 

web of the stringer was perfectly compacted as indicated by the attenuation plots in          

Figure 4.21 a). No significant variations were observed and this was done due the high degree-

of-cure of the partially-cured article used (75 %). 

When analyzing the upper view of the ultrasound inspections, Figure 4.21 b), some in-

homogeneities due to the chamfer introduced in the stringer are visualized, but in general, 

the attenuation plots recorded in between these areas were reasonable homogeneous. 

 

a) 
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b) 

Figure 4.21. C-Scan inspections of integration trials: a) Upper view Integration Trial, b) Lateral view Integration 

Trial. 

4.3. Conclusions 

This chapter presents a complete methodology to manufacture partially-cured 

complex shape composite articles that allows a subsequent integration with fresh and fully 

cured secondary parts. The partially-cured articles were prepared using Vacuum Assisted 

Resin Transfer Moulding with a modified cure cycle that permits a homogeneous distributed 

targeted degree-of-cure within the part. Two partially-cured stringers with 50 and 70% of 

degree-of-cure were prepared and integrated with fresh and fully cured prepreg skins. The 

following conclusions are drawn from the work presented in this chapter: 

• It is possible to manufacture partially-cured complex shape composite articles by 

means of VaRTM. Only minor modifications of the normal cure cycle are required. 

However, the mould and heating devices should be carefully design to guarantee 

a homogeneous distribution of the degree-of-cure within the composite part. 

• The first integration carried out with a partially-cured stringer with 50% of degree-

of-cure demonstrated the capability of the stringer to adapt to changes of 

geometry resulting from assembly operations. In this case, the straight part of the 

stringer was able to adapt to different slopes imposed by the cured skin. Caul 
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plates were necessary to maintain the geometry of the stringer web while 

reshaping to the 1/10, 1/15 and even the 1/5 stages imposed. 

• To avoid the use of caul plates, the degree-of-cure should be at least of 70%. In 

this case, special care should be put in the pressure exerted by the partially-cured 

stringers in the case of fresh prepreg skin used. Stringer flange chamfers were 

required to mitigate stress concentrations producing ply wrinkles in the fresh 

substrate. 
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5.1. Conclusions 

The following conclusions are drawn from the work presented in this thesis: 

• It was demonstrated the possibility to manufacture partially-cured composites 

articles by means of Vacuum Assisted Resin Transfer Moulding (VaRTM). The most 

important part was the design of the mould and heating devices to produce 

partially-cured articles (flat panels and stringers) with a targeted and 

homogeneous degree-of-cure. The degree-of-cure was a compromise between 

the mechanical flexibility of the partially-cured article and the possible resin 

bleeding occurring in the subsequent post cure process. If the degree-of-cure is 

low, excessive resin bleeding will take place, while if it is high, the part will become 

too rigid and it will not be able to adapt to geometrical constraints.  

• The thesis presented the methodology to relate the cure cycle to be applied to the 

composite article with the final degree-of-cure of the part. It was a crucial part of 

the work, to perform and analyse the thermomechanical to relate the applied cure 

cycle with the final glass transition temperature of the partially-cured resin and 

the corresponding degree-of-cure. 

• A complete mechanical characterization campaign was carried out to ascertain the 

effect of the cure process of the article in the final composite performance. In 

summary, all the mechanical properties of the post cured articles produced were 

retained as compared with the normal cure counterpart. An interesting 

mechanical behavior to highlight was the ability of the partially cured composite 

to sustain low energy impacts without damage. When the partially-cured materials 

were subjected to low velocity impact, they did not suffer fibre breakage and the 

impact action was resolved by significant plastic deformation of the plies. 

However, after post cure in the autoclave, most of the deformations disappeared 

so the composite material was able to retain most of the compression after impact 

residual strength. 
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• The ability of partially-cured materials to adapt to geometrical changes resulting 

from assembly operations was quite remarkable. If the degree-of-cure is the 

adequate, the part is able to deform easily adapting to given geometrical 

constraints to some extent. However, it should be mentioned that such 

geometrical constraints can induce significant fibre deformations, wrinkles, etc.  

• Hence, as a main outcome of this work, it was demonstrated the ability of partially-

cured articles (flat panels and stringers) to be used in subsequent integrations with 

other components that can be either in fresh or cured states (prepregs or injected)  

and this fact is of major importance in order to reduce manufacturing costs of 

future airframes. 

5.2. Future Work 

After the research carried out in this thesis, the following areas of future work are 

envisioned and identified: 

• The ability to adapt of partially-cured articles to changes in the case of light 

geometrical constraints has been demonstrated in this thesis. Hence, it would be 

feasible to manufacture partially-cured articles, for example using pultrusion, 

integrating them in posterior autoclave consolidation. This ability of the partially-

cured articles would be relevant for the industry of composite materials, since 

total flat or straight articles could be manufactured in a partially-cured state, 

stored similar to prepregs, and finally consolidated with other composite parts 

adapting finally to the imposed geometrical constraints.  

 

• The resilience of the partially-cured articles exhibited when loaded under low 

energy was interesting as the material was able to heal in a subsequent cure cycle. 

Fibres were not broken during the impact and only plastic deformation and some 

small fibre displacement were observed. Thus, the composite material was able to 

heal after the post cure cycle so the compression after impact strength was 
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retained. This is a great advantage of these materials to impact, since any damage 

induced in the material can be recovered in its subsequent consolidation in 

autoclave. 

 

• After the study carried out in joining performance of partially-cured specimens, it 

was found that bonding with partially-cured materials without the use of 

adhesives was successful and most of the shear strength was retained by means 

of partially-cured resin joining. Thus, it could be possible in theory to remove the 

use of structural adhesives in future partially-cured part bonding, with the 

consequent material saving and without compromising the mechanical properties 

of the joint. 
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