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Summary 
The present thesis investigates the development of shape distortion in mass produced composite 

components. More specifically the spring‐in of corners manufactured using Resin Transfer Moulding, 

RTM was studied. The investigation was performed experimentally after theoretically ruling out 

several possible factors and parameters. A series of L-shaped brackets were manufactured and the 

influence of thickness and corner radius was assessed. Partly in contradiction to some previously 

published studies, the presented results suggest that spring‐in of L‐brackets produced using RTM, 

during fully geometrically constrained conditions and isothermal cure, are influenced by both thickness 

and corner radius. 

 

Sammanfattning 
I detta examensarbete studeras hur formförändringar uppstår under massproduktion av komponenter 

utav kompositmaterial. Mer specifikt undersökts hur vinklar tillverkade genom Resin Transfer 

Moulding, RTM, fjädrar in efter det att de tas ur formen. Arbetet inleds med en litteraturstudie där en 

mängd olika faktorer som kan påverka in-fjädring studeras varefter experiment genomförs där flertalet 

av dessa undvikes. En serie L‐formade vinklar tillverkas och inverkan av laminattjocklek samt 

vinkelradie undersöks. Delvis i motsats till vad som visats i tidigare studier, visar dessa resultat att in‐

fjädringen påverkas av både materialets tjocklek och radien hos L‐vinklarna. Dessa härdades isotermt 

och var geometriskt begränsade av sitt formverktyg.  
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1 Introduction 
The automotive industry is looking into improving car manufacturing, and moving into composite 

materials seemed like a natural move in order to reduce weight without compromising stiffness and 

strength in structural components. It is therefore necessary that factors affecting shape distortions are 

assessed in parts produced in composite materials both for geometry assurance and robustness in 

manufacturing. 

 

1.1 Background 
Composite components can either be produced in large and integrated structures where complex 

geometries are produced in one single step, or by manufacturing several less complex sub-parts that 

are later joined in an assembly step.  While the former offers lower investment costs for small series, 

or even single component production, a divided structure offers potential of improved economy for 

complex geometries at large production series since: 

 It requires smaller and less complex tools, thereby significantly reducing the tool costs 

 It reduces manufacturing risks by enabling scrapping of subparts instead of large integrated 

parts 

However, there are of course also drawbacks with the divided structure, one being that the sub-parts 

need to be manufactured with high precision and small tolerances in order to enable effective joining. 

The automotive industry demands high volume manufacturing. Variation in large series composite 

production is today not fully known but could be expected to depend on several factors including 

material, processing method and part geometry/complexity. 

The assembly process is required to be robust in order for the parts to match the overall dimensions 

and structural demands of the car. 

 

1.2 Aim of work 
The purpose of this thesis is to assess the influence of corner radius and thickness on spring-in in RTM 

production of carbon fibre parts in order to assess the shape distortion of the parts and guide the 

automotive industry about the impact of these effects in an assembly line. 

It is worth clarifying that by no means is this thesis aimed to predict composite manufacturing shape 

distortions or spring-in, but rather to assess the influence of the thickness and corner radius on the 

distortion for carbon fibre brackets manufactured in fully geometrically constrained conditions using 

RTM.  

Previous studies have been published regarding spring-in for RTM but none involving the exact testing 

that was carried on in this specific study to isolate some of the factors that could induce shape 

distortions in high volume production. 
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1.3 Thesis scope 
Several economical, time and equipment factors limited this thesis work. These limitations were 

accommodated to resemble the manufacturing process as closely as possible and are listed below: 

 The automotive industry would most likely implement HP-RTM (High Pressure Resin Transfer 

Moulding) instead of RTM due to the speed at which parts can be produced. HP-RTM requires 

hydraulic presses to keep the moulds closed, sophisticated injection pumps and mixing 

nozzles. The budget for this thesis was not enough to afford these machines. 

 The ideal mould material would be one that is also similar as the ones used to produce car 

parts. In this case milling of steel or other alloys would be outside the budget for this thesis. 

Therefore, Aluminium alloy moulds were milled. 

 Milling was done with a 3 axes CNC machine instead of a 5 axes machine, therefore having 

worse finish as the one that a 5 axes machine would produce. 

 Only a few brackets could be manufactured due to time constraints. 

 

1.4 Method 
Literature research led to determine the main distortion factors in high volume production. Also the 

most suitable manufacturing method for efficient and cost effective mass production of composite 

structural parts was identified. The manufacturing method turned out to be HP-RTM and research was 

performed on the topic to find how manufacturing robustness, geometry assurance and distortion 

were interrelated. 

Once the process and factors playing important roles were identified the next step was to design a 

process that would allow production of composite parts with HP-RTM. 

The costs of such a process were evaluated and was deemed too expensive. Next an RTM process was 

considered as RTM should produce similar distortions as HP-RTM, assessing the funds available from 

the Triple Use Project RTM was considered feasible, although the whole process was designed to be 

as economical as possible. 

The chosen geometry was the simplest that would produce distortion due to through thickness 

shrinkage. This geometry was determined to be the L-shaped-bracket and the parameters varied were 

radius of the corner and overall thickness of the bracket. 

Curing of the parts would be done in one step, as this was thought to be the case of most interest to 

the automotive industry due to the lower cost. 

Manufacturing of the brackets was done in the KTH Lightweight Structures Laboratory, the process 

and mould was devised by the authors. The moulds were manufactured at the KTH Department of 

Production Engineering. 
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2 Problem Description 
Previous papers have shown that radius and thickness had no influence on spring-in in brackets [1], 

however none had considered true isothermal cure with hot demoulding and no post-cure which is 

what the automotive industry is most likely to use. There are several strong arguments as to why 

isothermal cure needs to be studied, these include but are not limited to: 

 Time 

Heating and cooling takes time. With hot demoulding the mould has less downtime where 

curing is not occurring. 

 Cost 

Temperature cycling is expensive as it wastes energy and storing the mould while cooling costs 

money. 

 Repeatability 

Removing the heating and cooling steps means two less steps where errors can occur. 

 Mould thermal expansion 

The expansion and contraction of the mould is known to be a major contributor to spring-in, 

isothermal curing bypasses this problem completely. 

 

2.1 Geometry & Requirements 
It was decided to study L-brackets as this is a simple geometry that has a radius, thus eliminating as 

many variables as possible. As the thesis was done for the Volvo Cars Corporation there was also 

external requirements, the desired thicknesses to test was specified as 4 millimetres and 10 

millimetres. As the dry reinforcements would be pre-formed the radii to test was chosen as 5 

millimetres and 25 millimetres. The smaller radius was considered a small but feasible radius to 

preform dry continuous reinforcements using little binder, the low binder content is desired for high 

volume manufacturing where speed and costs are the main drivers. The larger radius was chosen as a 

realistic multiple of the small radius, which could be found in a typical structural car component. 
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3 Theory 
In order to understand composite materials one must first define them and analyse what are the 

consequences of anisotropy. 

A composite material is a macroscopic combination of two or more distinct materials into one with the 

intent of suppressing undesirable properties of the constituent materials in favour of desirable 

properties. [2] 

The key feature of a composite material is that it offers a combination of properties that are not 

available in any isotropic material; composites are an entirely new and unique material family. [3] 

The majority of composite materials consist of fibrous materials (reinforcement) imbedded in polymer-

based resins (matrix), commonly known as “fibre reinforced composites” or often simply “fibre 

composites”. [2] 

The objective of the matrix is to integrally bind the reinforcement together so as to effectively 

introduce external loads to the reinforcement and to protect it from adverse environmental effects. 

The fibrous reinforcement carries most of the structural loads and thus largely dictates macroscopic 

stiffness and strength. [3] 

Composite materials are anisotropic by nature. An isotropic material has the same properties in all 

directions, in an anisotropic material they vary with direction. Orthotropy is a special case of anisotropy 

where the properties of the composite lamina have three principal directions. [2] 

The reinforcement is oriented in the optimal direction to carry the load and the matrix will protect and 

support the reinforcement. While the fact that tailoring fibres can be advantageous it comes with the 

drawback of having different behaviours in all directions therefore posing a new challenge for 

geometry assurance. 

 

3.1 Material 
The materials used in this thesis is the thermosetting polymer epoxy, and the fibre reinforcement is 

continuous carbon fibre NCF. 

3.1.1 Resin 
Epoxy is a thermosetting polymer; polymers are large molecules built from many small parts. Poly is 

Greek for many and mer means part, together they form polymer which means many units (of the 

same kind). Polymers are built through polymerisation where monomers (mono meaning single) are 

linked together to form chains or cross-linked networks. There are two main groups of polymers used 

in composite manufacturing, thermosetting polymers which set or cure when heated and 

thermoplastic polymers which becomes plastic or melts when heated. 

Thermosetting polymers cross-links its polymer chains using covalent bonds during curing to form a 

rigid 3D-structured network while thermoplastics connects linear polymer chains using intermolecular 

forces, see a) & b) in Figure 1. 

Cross-linking a thermosetting polymer is an irreversible process as all molecules are linked together, 

heating a cured thermoset will cause it to degrade and break down rather than melt, see d) in Figure 

1. The intermolecular forces holding a thermoplastic together are heat dependant, heating a 
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thermoplastic will weaken these forces and it will melt, see c) in Figure 1, cooling it will restore the 

forces. This allows a thermoplastic to be reshaped and/or recycled, something a thermoset in general 

will not allow, however thermosets are in general stronger due to their cross-linked structure. 

 

  

FIGURE 1 – POLYMER HEAT RESPONSE. [4] 

 

3.1.1.1 Curing of a thermosetting polymer 
Curing is defined as the “chemical process of converting a prepolymer or polymer into a polymer of 

higher molar mass and then into a network” [5]. Curing is done through cross-linking and its progress 

is measured in degree of cure where a fully cross-linked polymer has a 100% degree of cure. 

Once the components of a thermosetting polymer have been mixed they will begin to cross-link, the 

rate of this cross-linking depends on the temperature and the chemical composition. Initially the 

polymer has a very low glass transition temperature, well below zero degrees Celsius, this allows the 

polymer to initially remain liquid in a melted state at room temperature. Once solid, the polymer is an 

elastomer (elastic polymer), an amorphous polymer retaining its shape above its glass transition 

temperature (Tg). The glass transition temperature is the temperature at which the elastomer changes 

state between glassy and elastic, below the Tg the elastomer exists in a glassy state. 

When in the melted state the viscosity can be influenced by changing the temperature, higher 

temperature will lower the viscosity, this behaviour is utilized in many manufacturing techniques. 

As cross-linking continues the liquid transforms into a sol, a colloidal suspension where solids (cross-

linked chains) are suspended in a liquid (not yet cross-linked chains). Eventually the cross-linking will 

reach a critical point where a continuous network is formed and gelation occurs, gelation is the 

transformation to a gel from a sol. The gel, a colloidal dispersion where liquid is suspended in a solid, 

can no longer be reshaped as reshaping would result in breakage of bonds which cannot be repaired. 

The polymer is in a rubbery state as it is a solid above its Tg. 

If the curing takes place at a temperature below the final Tg of the thermoset it will eventually 

vitrificate, vitrification is the transition from rubbery to glassy state and occurs when the Tg of the 

polymer surpasses the current cure temperature. When the polymer transitions between rubbery and 

glassy states the coefficient of thermal expansion changes drastically, the bulk modulus however 

remains at the same order of magnitude. 
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During curing the polymer shrinks which is a major source for composite shape distortions. Shrinkage 

is directly linked to the degree of cure and is a bi-linear function where the shrinkage is more aggressive 

in the liquid phase and then slows down after gelation. [6] 

Cross-linking the polymer is an exothermic process which means it generates heat that is released to 

the surroundings, this heat further promotes and accelerates the cross-linking and is for some resin 

systems necessary to achieve an acceptable cure time. 

If enough heat is not conducted away this exothermic behaviour causes a thermal runaway where the 

increasing temperature accelerates the exothermic reactions creating a system with uncontrolled 

positive feedback. Thermal runaway can cause pyrolysis where the temperature rises so high that is 

starts breaking the covalent bonds, degrading the polymer. Pyrolysis sustained by a thermal runaway 

is called auto-pyrolysis. 

A cured thermosetting polymer is referred to as a thermoset, it is now an isotropic material with linear 

thermal expansion response. 

3.1.2 Fibres 
Carbon fibre is a fibrous material usually made from polyacrylonitrile (PAN) or pitch that is cured 

through reactions similar to those of a thermoset. The fibre molecules are aligned along the fibres 

length which results in an anisotropic material with especially high strength and stiffness in the 

lengthwise direction. Carbon fibres have a negative coefficient of thermal expansion. 

Carbon fibres usually come in two different forms, discontinuous fibres or continuous fibres. These will 

either be randomly distributed or aligned, see Figure 2. Aligned continuous fibres were used in this 

thesis. 

 

FIGURE 2 – FIBRE FORM AND ORIENTATION. 

Aligned continuous carbon fibre reinforcements come in several different forms, these include but are 

not limited to: Weaves, Knits, Braids and Non crimp fabric (NCF). 

As the names suggests Weaves are woven, knits are knitted and braids are braided. NCF however is a 

stack of unidirectional layers that are stitched together, often using polyester thread. Polyester 

however bonds poorly with some resins and can create mechanical failure initiation points as well as 

starting points for wicking. [7] Wicking is an effect where a fibrous material transports a liquid medium 

using capillary forces, this can expose the inside of a composite to external substances that degrade or 
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otherwise damage the composite. NCF have all fibres parallel to the plane of the fabric and therefore 

possess very good mechanical properties when compared to a weave where the fibres move up and 

down in the out of plane direction. 

 

3.2 Laminate 
A laminate is a stack of arbitrary oriented laminas or plies assembled to form a plate or a shell. 

Each lamina or ply is a single layer of composite material consisting of fibres embedded in a matrix. 

The lamina is usually defined so that it has three orthogonal principal axes for its material 

characteristics; it is orthotropic. Furthermore, the lamina can often be characterised as a transversely 

orthotropic material. [2] 

The three principal axes Longitudinal (1), Width (2) and Transverse (3) that form the local coordinate 

system of a lamina can be seen in Figure 3. 

 

FIGURE 3 – LAMINA LOCAL COORDINATE AXES. PICTURE COPIED FROM [2], PAGE 3.11. 

Once a laminate is formed, the difference in properties for different directions when coupled with 

different thermal and chemical behaviour of the materials will induce stresses that could lead to shape 

distortions. 

Shape distortions caused by the matrix in-plane can be restricted to a high degree by placing layers in 

the main directions. On the other hand, the matrix would still be unrestricted in the transverse or out-

of-plane direction unless fibres are placed in that direction. Normally composite materials are 

characterised by not having fibres in the out-of-plane direction for manufacturing purposes, thus the 

need to assess the shape distortions induced by the matrix’s volumetric changes. 
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3.3 Factors affecting shape distortions 
Shape distortions in composite manufacturing are mainly produced by residual stresses from the 

manufacturing process. The main factor is free expansion or contraction of the material. Some of these 

factors will be described in detail and relevance to this thesis below. 

3.3.1 Mould Thermal Expansion 
Mould Thermal expansion changes the geometry of the mould when brought from room temperature 

to cure temperature. However, simulations in Ansys showed that the geometry change was negligible 

for the low cure temperature used in this thesis. Reversely mould thermal contraction can affect 

spring-in during in-mould cooling as there is a mismatch between the moulds rate of thermal 

contraction and the cured parts rate of thermal contraction, in this thesis this effect is avoided by 

demoulding the part while the mould is still at the cure temperature. The effect of mould thermal 

contraction resulting from mould cooling by the injection of room temperature resin was assumed 

negligible as the potential temperature change of the mould from heating a full batch of resin to cure 

temperature was only 0.4 degrees, this effect was further decreased by the fact that the injection 

hoses were heated and the oven was still heating the mould during injection. 

3.3.2 Mould surface finish 
In work done by Albert et al. [8], Spring-in and warpage of angled composite laminates were 

investigated. They separated different sources of spring-in and warpage and concluded that the mould 

surface did not affect spring-in. They did however conclude that it affects warpage (bending) of the 

flanges, an effect excluded from this thesis. 

3.3.3 Mould rigidity 
If the mould is not rigid enough it could deform from the forces associated with curing and change the 

constraints of the cure, in this thesis is it assumed that the mould is rigid enough as it is severely over 

dimensioned and its thinnest sections are several times thicker than any part produced. 

3.3.4 Matrix Thermal Expansion 
Thermal expansion of the matrix can build bulk stresses that cause a distortion when released. 

The resin thermal expansion, when heated to the cure temperature, was neglected as it was assumed 

that the resin is at cure temperature before the injection is stopped. 

The matrix thermal expansion from exothermic reactions is also neglected as it is assumed that the 

highly conductive mould will conduct the heat away from the low exotherming resin used. 

3.3.5 Void Content 
Voids, trapped gas inside the laminate, could very well affect shape distortions as they affect both 

thermal and mechanical properties. Voids are not considered in this thesis as they are too hard to 

predict, however steps, such as thorough degassing of the resin, were taken in order to minimize void 

content. 

3.3.6 Chemical shrinkage 
Chemical Shrinkage happens as the polymer chains cross-link during the curing process. Distortions 

due to chemical shrinkage in composite materials occur when coupled with certain lay-ups and 

geometries. It was assumed that no bulk stresses from chemical stresses were built until after gelation 

as the injection was continued until gelation. 
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3.3.7 Thermal contraction 
Thermal contraction happens when the part is cooled down from the cure temperature to room 

temperature. This will depend on the Coefficient of Thermal Expansion (CTE) of the resin mainly as the 

resin has a CTE two orders of magnitude higher than carbon fibre. The CTE for carbon fibre is negative 

meaning it works in the opposite manner of most materials. The fibres expand when cooled down and 

contract when heated. 

3.3.8 Cure Cycle 
The cure cycle can heavily affect shape distortions if not taken into consideration. A high temperature 

will speed up crosslinking and shorten the cycle time, however if heat is applied to quickly it will not 

have time to be conducted throughout the thickness of the laminate. Uneven temperature distribution 

will result in cure gradients as different sections cure at different speeds and this can build significant 

stresses as some sections will transition into glassy state before others. 

A higher cure temperature will also provide a higher temperature difference for thermal contraction 

during cooling, resulting in larger distortions and lower possibility to correct them with a post-cure. 

Also the rate at which the part is cooled from the curing temperature to room temperature has been 

shown to affect shape distortion, [9] [10], where a lower rate results in less distortion, in this thesis no 

forced cooling were used and the parts were left to cool freestanding at room temperature. 

3.3.9 Degree of Cure 
The degree of cure is directly linked to the chemical shrinkage, a higher degree of cure results in more 

chemical shrinkage. 

3.3.10 Lay-up 
The layup will influence shape distortions on composite materials depending on symmetry and 

balancing. A symmetric lay-up will build stresses that impacts the mechanical properties, it is however 

not a source of distortion. A balanced laminate will generally distort, unless it’s close to symmetric in 

which case the distortions are stored as locked in stresses, but can be laid up to achieve a quasi-

isotropic material. 

3.3.11 Anisotropy 
Due to the fact that fibres are only oriented in-plane there is a significant mismatch between the in-

plane properties and the through thickness properties of the laminate. Since the fibres are restricting 

in-plane shrinkage and contraction these effects will be much larger through the thickness, creating an 

anisotropic material. 

3.3.12 Geometry 
Assuming that the curing laminate is somehow constrained, i.e. by a mould or vacuum bag, a curved 

laminate that is shrinking and/or contracting will build stresses along its arcs. The arc along the inner 

radius will be put in tension and/or the arc along the outer radius will be put in compression. This 

thanks to anisotropy coupled with constrained curing, as the bent laminate is shrinking and contracting 

through the thickness the radius change, the inner one will become larger and the outer one smaller. 

Due to the constrained curing the laminas are not allowed to slide amongst each other which results 

in stress build-up along the arcs, this stress will partially be released during demoulding and produce 

a spring-in. 
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In this thesis the mould creates fully geometrically constrained conditions, due to that the cavity 

geometry is fixed throughout the cure cycle, causing the chemical shrinkage to build bulk stresses that 

are partially released during demoulding producing the spring-in. The thermal contraction happens 

out of the mould and is only constrained by the fact that the part now is in a glassy state, and by proxy 

does not allow intra-laminar sliding.  

 

3.4 High Volume Composite manufacturing 
The major reasons for the automotive industry´s interest in RTM is that large, complex components 

with high class surfaces may be economically manufactured in one step. Also small structural 

components manufactured and later assembled has been proven to be more economic than 

manufacturing large car parts. [11] 

RTM could provide the solution to high precision repeatability of the parts if the curing and 

environmental conditions are controlled. 

The development and application of new thermoset resins with high reactivity and short cure times 

has the potential, combined with RTM or with HP-RTM, of competing with conventional metal mass 

production of cars. 

The combination of highly automated processes such as cutting of the reinforcement, preforming, 

draping, injecting the matrix, and post processing will move the old hand labour intensive work into a 

competitive manufacturing method. Furthermore, highly automated bonding of parts would reduce 

the need to manufacture cars as a large structure, but to be sub divided in smaller parts that can be 

produced in parallel and later assembled. 

3.4.1 RTM 
Resin Transfer Moulding is done by injecting resin into a mould cavity where dry reinforcement has 

been previously placed. It is most commonly performed with two or more mould sections clamped 

together, creating an enclosed mould cavity. Used clamping methods include hydraulic or pneumatic 

presses, bolts and clamps. The injection can be achieved by using a pressure pot, see Figure 4, or by 

more sophisticated injection methods that preheats and mixes the resin and hardener during the 

injection, this reduces waste and enables the use of very fast curing resins. RTM can also be vacuum 

assisted, in which case a vacuum is applied at one or more mould outlets, this promotes filling and 

reduces voids. 

The moulds often incorporate seals like elastomer O-rings to contain the vacuum and prevent matrix 

leakage. 

This manufacturing technique is shown in Figure 4. 
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FIGURE 4 – SCHEMATIC OF RTM. PICTURE COPIED FROM [3],  PAGE 223. 

The mould remains clamped until the resin has reached the desired degree of cure, this can either be 

the final degree or just enough for the resin to reach a glassy state. Not curing to the final degree can 

be beneficial for slow resin systems as it frees up the mould for re-use, once the part is in a glassy state 

it can be post-cured free standing in a normal convection oven until it reaches its desired degree of 

cure. 

3.4.2 HP-RTM 
High Pressure Resin Transfer Moulding (HP-RTM) is a type of RTM that uses high pressure to quickly 

fill the mould cavity, typically coupled with impingement mixing and a highly reactive resin system to 

minimize cycle times. There are two main techniques used today, injection and compression. 

Injection HP-RTM, sometimes called HP-IRTM, uses high pressure to force the resin through the mould, 

the nozzle pressure can be up to 150 bar while the mould cavity pressure usually is in the range 30-

110 bar. Higher pressure promotes quick mould filling while a too high pressure results in fibre 

washout. Fibre washout is when the resin pushes the fibres ahead of it rather than impregnating them 

and happens when the permeability of the fibres is to low, or the resin viscosity is too high, when 

compared to the injection rate. 

 

Compression HP-RTM, sometimes called HP-CRTM, uses a partially closed mould in which the resin is 

injected on top of the reinforcement, once all the resin has been injected the mould closes and the 

reinforcement is impregnated. To avoid fibre washout, the reinforcement has to be held in place during 

injection which increases the complexity of the mould. Since the resin is injected into an empty void 

the pressure build-up in the mould cavity is much lower than that of Injection HP-RTM and so by proxy 

requires less clamping force. 

 

HP-RTM is capable of producing large complex parts in with a cycling time of less than 10 minutes and 

small simple parts with less than two, all while maintaining high shape stability and repeatability. This 

makes HP-RTM a great choice for the automotive industry which requires high volume and 

manufacturing robustness. HP-RTM puts high requirements on preforms and requires very expensive 

production equipment. Preforms for HP-RTM requires high shape stability and stiffness for handling 
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combined with low binder concentration for permeability. To be able to clamp large moulds with high 

pressure, considerable amounts have to be spent on machinery capable of providing several thousand 

metric tonnes of pressure. 

 

3.5 Manufacturing robustness 
A manufacturing process or system is said to be robust when it is able to perform effectively even if its 

variables or assumptions are altered. In other words, it could operate without failure despite local 

errors. 

The robustness in the process of composite manufacturing is key in the sense that the geometry of 

each part has to be assured so that all parts match when assembled, therefore contributing to an 

accurate final geometry of the product. 

Guaranteeing repeatability of the parts is as important as the assembly process’ accuracy.  
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4 Experimental 
In order to produce the brackets necessary, see Table 1, to measure the spring-in, moulds had to be 

designed and manufactured. 

The time and budget for this thesis allowed the design and production of 6 half moulds. The male 

halves had different corner radii and the female halves had 2 different thicknesses matching the male 

halves. 

TABLE 1 – TEST MATRIX SHOWING THE DIFFERENT BRACKETS PRODUCED. 

Radius [mm] Thickness [mm] Specimens Vf Layers 

5 
4 3 0,56 40 

10 3 0,53 96 

25 
4 3 0,56 40 

10 3 0,53 96 

 

4.1 Mould Design  
The final version of the mould was achieved after several different configurations and iterations to 

produce an accurate but inexpensive mould within the time frame of this thesis. Consideration of 

workshop capabilities such as equipment was also taken into account and injection, cleaning, 

demoulding, stiffness and air tightness were some of the key features to focus on. 

 

FIGURE 5 – OVERWIEW OF OPEN MOULD. 

4.1.1 Material selection 
Aluminium was the chosen material for its price, availability, high thermal conductivity and ease of 

machining. Specifically, the AW-6082 T651, a medium strength structural alloy well suited for 

machining. The mould was designed using CAD software and later post processed using Gibbs CAM. 
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4.1.2 Mould Features 
4.1.2.1 Male Halves 
The main features of to the male halves are described below. 

4.1.2.1.1 DEMOULDING ANGLE 

The male part of the bracket is 200 millimetres at the base and shorter as it approaches the corner 

radius for demoulding purposes. This angle was chosen to be 10 degrees. 

4.1.2.1.2 INJECTION INLETS 

The injection is done through the male halves. These holes are 5 millimetres in diameter and they go 

from the top, through the mould thickness and they are located at either side of the bracket. Each 

injection leads to either flange. The purpose of having 2 injection ports is to fill the mould as fast as 

possible to avoid gelation and guarantee full impregnation. Each injection inlet has a threaded 

connector 3/8-inch BPS that connects the mould to the injection pipes. 

4.1.2.1.3 VACUUM OUTLET 

There was one vacuum outlet in the male half, 5 millimetres in diameter located opposite of the 

injection inlets to allow flow in the bracket’s longitudinal axial direction. There is a threaded 3/8-inch 

BPS aluminium connector that connects the mould to the vacuum pipe. 

4.1.2.1.4 LOCATORS 

The locators were designed to aid the location of the male half to female half. There is one locator in 

each corner of the male half. Their shape is a quarter cylinder and they are chamfered at 45 degrees 

to further aid the positioning. 

4.1.2.1.5 MOULD OPENING HOLES AND NUT RECESS 

Ease of demoulding was a key requirement and 4 demoulding holes were designed in order to run a 

M12 bolt through. The holes are 13 millimetres in diameter and they go through the thickness of the 

male mould. There is a recess at the end of each hole to hold a M12 nut in place. The purpose of the 

nut is to push the male mould upwards as the bolt pushes against the female. The recess is accessible 

from the outside of the mould so that the nut can be replaced while the mould is closed. 

4.1.2.1.6 CLAMPING HOLES 

There are 10 clamping holes in each male mould. These holes are 12 millimetres in diameter to allow 

a 10 millimetre bolt through. These holes were later modified to 13,5 millimetres in diameter to use 

M12 threaded rods to clamp the halves together. 

4.1.2.1.7 EYE BOLTS 

A total of 4 eye bolts were attached to each male mould for handling purposes and demoulding. The 

eye bolts have M16 threads, so corresponding female threads were made in the sides of the male 

halves. 
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4.1.2.2 Female Halves 
The main features of to the female halves are described below. 

4.1.2.2.1 DEMOULDING ANGLE 

Each female half has a 10-degree demoulding angle at the ends of the bracket matching the male half, 

however on the female one there is also an offset of 0,1 millimetres to avoid any metal to metal contact 

apart from the desired metal to metal contact between the cavity and the outside of the mould. 

4.1.2.2.2 RUBBER SEAL GROOVE 

The purpose of the groove is to accommodate O-Ring seals made of EPDM rubber 7 millimetres in 

diameter and was designed so that the O-Ring seal gets compressed roughly 1 millimetre when the 

mould is closed. The groove goes around the cavity in every female half and allows the seal to prevent 

any resin flowing in-between the mould halves to exit the mould. 

4.1.2.2.3 LOCATORS 

Each female half has locators matching the ones on the male half. These locators are not of the same 

depth as the male ones, but 5 millimetres deeper in order to avoid any risk of a gap between the two 

halves. The locator walls were milled 0,1 millimetres inwards, meaning they are larger than their male 

counterparts. 

4.1.2.2.4 CLAMPING HOLES 

There are 10 clamping holes in each female mould. These holes are 12 millimetres in diameter to allow 

a 10 millimetre bolt through. These holes were later modified to be 13,5 millimetres in diameter to use 

M12 threaded rods to clamp the halves together. 

4.1.2.2.5 DEMOULDING RECESS 

A demoulding recess was added to every female half to aid demoulding. This recess is on one side of 

the cavity only. 

 

4.2 Material system 
4.2.1 Matrix 
SICOMIN resin SR 8500 and SICOMIN hardener SZ 8525 were used and injected at room temperature 

into a 60 °C warm mould. The Resin to Hardener ratio was 1:4 by mass. The mixed matrix was degassed 

before injection. Resin data can be found in Appendix 1. 

4.2.2 Reinforcement 
Carbon Fibre used to manufacture the brackets was non-crimp Quadraxial 400 g/m2 manufactured by 

METIX. The fabric is formed by 4 layers of 100 g/m2 carbon fibres stitched with 8 g/m2 polyester thread. 

Refer to Appendix 2 for the reinforcement data sheet. 

4.2.2.1 LAY-UP 
The Lay-ups used was: 

For the 4 millimetre brackets [(0/-45/90/45)5(-45/90/45/0)5]. 

For the 10 millimetre brackets [(0/-45/90/45)12(-45/90/45/0)12]. 

This results in laminates that are symmetric for the zeros and nineties, and balanced for the forty-fives.  



~ 16 ~ 
 
 

4.3 Manufacturing 
The steps taken to manufacture the brackets, including all equipment needed to do so, is described in 

detail below.  

4.3.1 Mould 
The moulds to produce the brackets were manufactured by milling aluminium blocks with a 3-axis Haas 

VF-1 CNC machine. Two female halves were designed and manufactured for every male half. The male 

halves vary in radius and the female halves also differ in thickness. In Figure 6 a cross-section of the 

male halves and corresponding female halves can be seen. 

 

FIGURE 6 – CROSS-SECTION OF MALE HALVES AND MATCHING FEMALE HALVES. 

The moulds were manufactured to the true shape; no thermal expansion from heating to the curing 

temperature was compensated prior to milling. 

4.3.1.1 Post-CNC Processing 
The top end of the injection inlets and vacuum outlet were threaded to fit a 3/8-inch BPS aluminium 

pipe connector. 

The eye bolt holes were drilled and threaded using a M16 tap. A total of four holes for each male half 

were done. 

The sharp edges around the contour or outer perimeter were filed for handling purposes, and to avoid 

any material interfering when clamping both halves, in order to promote clean metal-to-metal contact. 

Each mould was thoroughly cleaned using ethanol to clean off any residues from the lubricant used 

during machining. 

After 4 brackets were manufactured the clamping holes were modified from 12 millimetres in diameter 

fitting M10 bolts, to 13,5 millimetres in diameter supporting M12 threaded stainless steel rods. This 

due to premature wear on the M10 bolts. 

Demoulding holes on the male top halves were done after a few brackets stuck to the top to facilitate 

the task. The holes were 6,5 millimetres in diameter in order to run a 6 millimetre stainless steel rod 

to knock diagonally. Two holes per male half were drilled diagonally opposed to each other. 
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4.3.2 Pressure Pot 
The injection was performed using a pressure pot normally used for painting. The pressure pot was 

modified to suit the specific purpose of injecting resin. A Y-connector was attached in place of the 

outlet in the lid whose function was to facilitate the connectors for the injection pipes. On the inside 

of the lid, the metal suction pipe was replaced by a plastic one that was threaded and disposed after 

every injection. That pipe was further modified by drilling four holes close to the orifice in the suction 

end 6 millimetres in diameter to aid flow and avoid blocking the suction pipe with the bottom of the 

resin container. A base matching the shape of the pressure pot was added to hold the resin container 

in place and levelled. 

A regulator with built in manometer was added to regulate the pressure. The injection pressure was 

regulated to 5,6 bars which was the maximum allowed pressure for the pressure pot. 

4.3.3 Degassing Chamber 
A clear lid with a hole for a vacuum pipe was added to a resin trap and connected to the vacuum pump 

as a degassing chamber. It was used for every bracket injection. 

4.3.4 Process 
The different stages of the bracket production process are described below. 

4.3.4.1 Application of Release Agent 
Release agent was applied prior to every injection. The release agent used on all but one bracket was 

Acmosan 82-7001 and was applied with a cloth by hand and polished by hand immediately after 

application. Norslipp 9860 was used only for the 8th bracket to check if it would provide better 

demoulding. Nine layers were applied on each mould half. 

4.3.4.2 O-Ring Placement 
O-rings made out of EPDM for each female mould half. The O-ring was placed in its corresponding 

groove after release agent application. 

4.3.4.3 Layup and Preforming 
Reinforcement was cut from the Quadraxial roll using a pattern for the smaller (top) ones and 

increasing size to compensate the increasing radius. Ten layers were cut for the 4 millimetres thick 

brackets and 24 for the 10 millimetres thicker ones. The layup was made symmetrical about the middle 

plane of the brackets for the 90 degree and 0 degree directions and balanced for the ± 45 directions. 

The layers were laid on the moulds by hand. Fibres were always handled using gloves to avoid 

contamination. 

Each layup was preformed by clamping both mould halves before heating. 

4.3.4.4 Pipe Connecting 
The injection and vacuum pipes were connected before placing the mould in the oven. The injection 

pipes were roughly 1,9 metres long and the vacuum pipe was longer than 2 metres. 

4.3.4.5 Heating 
The unclamped mould was placed in a Memmert oven at 60 degrees Celsius overnight. The clamping 

bolts were loose to avoid the thermal expansion of the mould breaking the nuts. The mould and fibres 

were assumed to have all reached 60 degrees Celsius prior to injection. A special rack was built to hold 

the mould for easier handling when clamping and moving. 
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4.3.4.6 Clamping 
Clamping of the mould was performed before injection while the mould and preform were at 60 °C. It 

was done in around 7 minutes by removing the mould with the preform from the oven and using a 

torque wrench and spanners. Once the clamping was done, the mould was placed again in the oven at 

60 °C. 

4.3.4.7 Mixing of matrix components 
Resin and hardener were mixed at room temperature at a ratio of 4:1 respectively. The thin bracket 

batch was 500 grams of resin and the thick bracket batch was 540 grams of resin. There were always 

more than 100 grams of extra resin for each injection to guarantee that no air would be pumped into 

the mould. 

4.3.4.8 Degassing 
Degassing was done for 10 minutes and cycled 5 times independently of the amount of matrix.  

4.3.4.9 Vacuum 
Full vacuum was applied once the pressure pot was closed but with the injection pipes still clamped. 

The purpose of vacuuming was to remove the air inside the mould, preform and injection and vacuum 

pipes. Vacuum was stopped after matrix was flowing through the vacuum pipe after passing through 

the mould. Clamping the vacuum pipe was normally done 2 minutes after starting the vacuum pump.  

4.3.4.10 Injection 
Injection was initiated once a steady vacuum was achieved and kept going for 10 minutes in the thick 

brackets and 8 minutes in the thin ones. Once the Injection was completed the pipes were clamped. 

4.3.4.11 Curing 
Curing was performed for 3 hours. 

4.3.4.12 Cleaning of Pressure Pot 
After each injection the pressure pot’s connections and bushings had to be cleaned of resin. This was 

done using ethanol, rags and pipe cleaners.  

4.3.4.13 Demoulding 
Demoulding was always done while the mould remained hot, immediately after curing. Unclamping 

the bolts and demoulding the part was performed in less than 18 minutes. 

After removing the clamping bolts, the demoulding bolts were turned until the two halves were clearly 

separated. 

If the part was stuck to the male half, the demoulding holes were bored open from cured matrix and 

stainless steel rods inserted. The rods were knocked with hammers until the bracket demoulded.  

On the other hand, if the bracket was stuck to the bottom half, chisels were used in the demoulding 

process. 

4.3.4.14 Cleaning of moulds 
The male half’s injection inlets and vacuum outlet were bored open to remove the cured resin. 

Excess cured matrix was removed from the moulds. Stuck stitching from the NCF was also removed. 

After no trace was left by visual inspection, Autosol was used to polish both halves. Next Ethanol was 
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used to clean away Autosol deposits and release agent was applied again for the next bracket to be 

produced. 

4.3.4.15 Cutting of specimens 
The specimens were cut using a band saw with a continuous diamond blade, paying close attention 

not to excessively heat the specimens as this could potentially cause relaxation. It was assumed that 

the heat generated from friction was local enough that the specimen as a whole was not affected. Two 

specimens were cut from each bracket. These two specimens were later sanded in preparation for 

measuring, again focused on avoiding excessive heating. 
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5 Measuring 
The brackets were measured using digital image analysis. High quality photos were taken of each 

bracket, these images were then transformed in Matlab and the average angles were calculated as 

further describer below. All brackets were measured two times, first at room temperature and then at 

cure temperature. 

 

FIGURE 7 – PHOTOGRAPHY RIG. 

 

5.1 Photography 
Each bracket is placed in a measuring rig, se Figure 7. Around the rig a two stop diffuser is placed to 

reduce shadows from ambient lighting. The brackets are then photographed at aperture f16 with two 

complimentary external flashes to increase the contrast against the background. This resulted in a high 

contrast image with soft low contrast shadows, see Figure 8. The camera used was a Nikon D300 which 

has a 12.3 megapixel DX CMOS sensor together with a NIKKOR 50 millimetre AF-S f/1.4G lens. The 

flashes used were Nikon SB-900 Speedlights running in slave mode. The shelf holding the bracket was 

558 millimetres from the sensor plane. 

 

FIGURE 8 – PHOTOGRAPHED BRACKET 
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5.2 Image analysis 
To extract the bracket from the background first the colours have to be removed, this was done by 

calculating the luma which is the weighted sum of the gamma compressed Red, Green and Blue 

components and represents the brightness in the image. 

The luma was calculated using 

𝑌′ = 0,2989 ∗ 𝑅′ + 0,587 ∗ 𝐺′ + 0,114 ∗ 𝐵′ 

according to the Rec. 601 standard. This provides an achromatic image for further processing, se Figure 

9 Left. 

 

 

FIGURE 9 – LEFT: ACHROMATIC IMAGE. CENTRE: BINARY IMAGE. RIGHT: INVERTED BINARY IMAGE. 

In order for the bracket to be distinguished from its background a threshold value is needed. Since 

there are only two colours in the picture, black (bracket) and white (background), Otsu’s method is 

particularly well suited to find a threshold value. Otsu’s method assumes that an image only contains 

two classes of pixels, background and objects, it then finds the threshold value that gives the biggest 

between-class variance [12]. 

Using the threshold value the image is converted to a binary image by simply changing all pixels with 

a luma of less than the threshold to white and all with a luma higher than the threshold to black, the 

resulting image containing only white and black pixels can be seen in Figure 9 Centre. 

The binary image was inverted to provide better contrast when plotting, se Figure 9 Right. 

Next four points on each flange were chosen and the edge pixels closest to these points were selected, 

see stars in Figure 10 Left. Imaginary lines were drawn between these points and a preliminary angle 

for the bracket was calculated. 
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FIGURE 10 – LEFT: MEASURING POINTS USED FOR PRELIMINARY ANGLE. CENTRE: TRACED BOUNDARIES. RIGHT: FITTED 

LINES. 

Next the outer star points are used as starting points and the edges are traced, se Figure 10 Centre. 

The traced points are then least square fitted to a first grade polynomial and the angle is calculated. 

The polynomials are evaluated and plotted for visual verification, se Figure 10 Right. The outer and the 

inner edges are measured and the average is taken to reduce any measurement errors, the difference 

between this average and the desired 90 degree angle is the spring-in. An average smaller than 90 

degrees results in a positive spring-in 

Since the full length of the flanges is used to fit a linear function, it is assumed that any flange bending 

effects are excluded. On a side note no bending effects were observed. 

 

5.3 Measuring sequence 
After being cut the brackets were measured at room temperature, these measurements include 

spring-in from both chemical shrinkage and from thermal contraction. 

Next the brackets were measured after being heated to their cure temperature, these measurements 

include only the spring-in from chemical shrinkage as the thermal contraction is a fully reversible 

behaviour. 

Finally, some of the brackets were measured again at room temperature to confirm that during 

reheating, no relaxing or post curing effects affected the spring-in angle. 
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6 Results & Discussion 
The results are presented both as separated components and as a total spring-in, and can be found in 

Table 2. 

TABLE 2 – SPRING-IN FOR DIFFERENT RADII AND THICKNESSES. 

Radius [mm] Thickness [mm] Chemical shrinkage [°] Thermal contraction [°] Combined [°] 

5 
4 0,25 0,14 0,39 

10 0,20 0,16 0,36 

25 
4 0,26 0,23 0,50 

10 0,22 0,27 0,48 
 

 Spring-in from chemical shrinkage 
The spring-in from shrinkage shows an influence from thickness where the thinner 

brackets have between 18-25% more spring-in than their thick counterparts, see Table 

2, however the thinner brackets also have a 4% higher fibre volume fraction. 

Spring-in from thermal contraction 
The spring-in from thermal contraction shows a strong influence from the radius where 

the larger radius have between 64-69% more spring-in than the smaller radius, see Table 

2. This could perhaps be explained by the fact that the larger radius has straighter fibres 

which would increase their stiffness and with that their ability to counteract the 

shrinking resin. 

Combined spring-in 
For the final combined case a clear radius influence can be observed, see Table 2, here 

the thermal contraction is governing due to the strong radius influence. This even 

though the thermal contraction is the smallest contribution to the total spring-in for all 

cases except the thick larger radius bracket, by proxy this would mean that the higher 

the cure temperature is the larger the radius influence would grow. 

 

The special conditions in this automotive oriented thesis where the use of RTM combined with a single 

cure step and hot demoulding renders most current theories inapplicable. 

This explains why the results strongly disagrees with textbook spring-in theories and justifies the 

industries use of phenomenological models rather than theory based simulations. The commonly used 

theory by Radford and Rennick [13] is based on autoclave cured prepreg and is thus not applicable to 

fully geometrically constrained conditions like those seen in RTM. Also Holmberg [1] has shown that 

the radius has no influence on the spring-in angle of a homogenous orthotropic material produced by 

RTM, Holmberg did however let the part cool down in the mould before demoulding and the postcured 

the part free standing. 

A small difference in spring-in from different thicknesses was expected because of the mismatched 

fibre volume fractions, the thin bracket had a slightly higher fibre volume fraction of 0,55 compared to 

the 0,53 of the thick one.  
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7 Conclusion 
The results show that the radius, despite popular belief, seem to affect spring-in for curved shapes 

produced using isothermal RTM with a single cure step. Therefore, it is important that further research 

is conducted on the subject to validate or disprove this relationship. More tests need to be conducted 

to gain statistical validity and more radii should be tested to find the range of applicability. 

Further research on thickness influence is also necessary as the varying fibre volume fraction in this 

thesis could have influenced the results. 

Also other parameters such as fibre orientation, highly unbalanced lay-ups, flange lengths, overall 

bracket length, thickness to radius ratio and temperature ramping during cure needs to be studied. 
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9 Appendices 
9.1 Appendix 1 - Material data: Resin 
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9.2 Appendix 2 - Material data: Reinforcement 
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