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ABSTRACT 

Due to environmental and economic factors, over the last decades there has been a 

progressive shift from fossil fuels to renewable energy sources such as wind and solar. 

Even though these energy sources are already very competitive, the increasing demand 

for energy requires a continuous effort for further reduce the energy cost and make them 

even more competitive.  In wind energy, this can be attained by increasing the output 

power (larger wind rotor blades) and extend the structure lifetime service while 

reducing the need for maintenance work. The wind rotor blades are one of the most 

important structural components in wind turbines and are made essentially of fibre 

reinforced polymer composite materials. Wind blades are constantly subjected to loads 

which vary in intensity due to wind fluctuations. This eventually leads to development 

of fatigue damage on the material decreasing its strength and ultimately resulting in 

failure. The root of fatigue damage can be related with the growth of small cracks 

within the composite material which can initiate in the matrix and eventually propagate 

into the fibre reinforcement thus affecting the component´s strength and structural 

integrity. One of the main causes for crack development is related to the formation of 

internal stresses that develop during the curing stage. Thus the curing process is a 

critical step which has ramifications on the fatigue life of the composite material in the 

wind turbine blade. 

This work essentially explores the influence of curing cycles on the development 

of residual stresses and their effect on the mechanical performance of the composite 

material. The curing reaction of an epoxy resin was characterized and modelled in order 

to design different curing cycles yielding different magnitudes of residual stresses, 

either by varying the temperature at which matrix and fibres bond (here denoted as 

gelation temperature)  or by varying the final cure state. The influence of the curing 

cycles on the residual stresses was experimentally investigated using a customized 

experimental setup of an unconstrained neat resin where higher curing induced strains 

measured can be associated with higher residual stresses in composites. The results 

showed that higher gelation temperatures result in higher residual stresses and that these 

can also be reduced by not fully cure the material. The same curing cycles were applied 
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in the manufacturing of composites test plates composed of the same epoxy and 

unidirectional non-crimp glass fibre fabric with the respective residual stresses being 

estimated from micromechanical models. Mechanical testing showed that the residual 

stresses have no effect on the static tensile and shear properties of the composite 

material. On the other hand, fatigue is strongly affected by the magnitude of residual 

stresses. Tensile fatigue and four point bending fatigue test results showed that lower 

residual stresses resulting from lower gelation temperatures improves the fatigue life of 

the composites. However, it was not possible to conclude if reducing the residual 

stresses by partially curing the material, a better fatigue performance could be obtained. 

Depending on the fatigue load applied, reducing the residual stresses by 50% increases 

the number of cycles to failure by a factor of 3 while a reduction by 75% in residual 

stresses increases the number of cycles to failure by a factor of 10. From the fatigue 

results a relation established between the number of cycles to failure and residual 

stresses in the matrix showed that the fatigue load becomes less relevant with increasing 

residual stresses. In addition, the fatigue life of the material for different loads can be 

predicted based on a linear dependency found between the S-N curves parameters and 

the matrix residual stresses.  

The findings from this research showed that controlling the material temperature 

during processing is critical to reduce the magnitude of residual stresses. The gelation 

temperature and the composite service temperature were found to be important key 

parameters to consider when designing optimal curing cycles in terms of reduced 

processing times and enhanced mechanical performance, particularly for improvement 

in fatigue properties. This would allow extending the service life of wind blades and at 

the same time reducing the need for maintenance work and associated costs. 
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1 Introduction 1 

1  Introduction  

Global climate change is one of the major challenges in our society. Alarming sea 

level rises, more intense and frequent tropical cyclones, coral reefs degradation and 

longer and intensive heat waves are just a few examples of the impacts of climate 

change that are already observed and which are predicted to drastically intensify in 

coming years [1][2][3] . On December 21, 2015, in Paris, the Parties to the UNFCCC 

(United Nations Framework Convention on Climate Change) have reached an 

agreement to fight climate change and undertake necessary actions for a sustainable 

future. Its central objective is to limit global average temperature increase to well below 

2°C, while pursuing efforts to limit the increase to 1.5°C [4] by reducing the greenhouse 

gas emissions all over the world. Therefore, switching to renewable energy is of upmost 

importance and wind is upfront as a clean (no carbon emissions to the environment) and 

renewable energy source, and nowadays being able of offering competitive prices  in 

relation to other fossil energy sources [5]. In Europe, as reported in WindEurope [6], 

wind energy generated electricity to meet 15% of the EU’s electricity demand in 2019. 

The highest percentage of electricity by wind (including onshore and offshore) was in 

Denmark with 48% followed by Ireland (33%), Portugal (27%), Germany (26%), UK 

(22%) and Spain (21%). 

 

1.1 Motivation  

With the increased demand of electricity from wind energy, more and larger 

turbines are been installed all over the world which brings more challenges to improve 

their reliability and efficiency. Therefore, continuous dedicated and thorough scientific 

research to optimize their design and performance is imperative. Determination of the 

wind turbines blades main causes of failures and how to accurately predict them have 

been the topic of many investigations during the last decades. 

Most of the materials that compose the structural elements of wind turbine blades 

are essentially made of fibre reinforced polymer composites (FRPC). The interest in 

FRPC resides on their excellent mechanical properties (high strength and stiffness), 
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while maintaining a low weight ratio, representing a prominent alternative to the so-

called traditional materials.  

In order to increase the reliability and performance of wind blades, it is of utmost 

interest to make use of the optimum properties of fibre reinforced materials. The fatigue 

life of FRPC materials is believed to be negatively affected by the build-up of residual 

stresses within the material during their production. Therefore, several studies have 

been focused on the investigation and prediction of residual stresses formation in order 

to optimize their manufacturing process and achieve components with higher robustness 

and extended life performance. This study will be focused on the experimental 

investigation of residual stresses built up during the curing process of glass fiber/epoxy 

composites and identification of the most relevant processing parameters that govern 

them. Potential ways of optimizing composite processing in terms of time reduction and 

mitigation of the magnitude of residual stresses are explored. Their impact on the 

composite mechanical properties is also experimentally investigated.  

 

1.2 Problem statement and approach 

 During the curing process of glass fiber reinforced composites, residual stresses 

build up in the composite material which can adversely affect the composite mechanical 

robustness and performance. Particularly the fatigue performance of the fibers 

composites has been reported to be significantly reduced by the presence of residuals 

stresses within the composites [7][8][9]. The stresses that arise during the curing 

process are mainly attributed to the shrinkage of the polymeric matrix during its cure 

and to the mismatch of the coefficients of thermal expansion between fibers and matrix 

during the cooling down process. The development of residual stresses greatly depend 

on the cure cycle (time and temperature) adopted for the manufacturing process of the 

fiber reinforced composites. In general, elevated curing temperatures provide shorter 

cycle times but are reported to increase the residual stresses formation [7][10] and lower 

temperatures result in the inferior amounts of built up stresses but require longer cycles 

which is not attractive at an industrial scale for economic reasons (lower productivity). 

While more complex and accurate process simulations are being used to simulate the 

curing process and optimize the curing cycles taking into consideration the residual 

stresses formation, their adoption at a commercial scale is still questionable.  
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 One key parameter that has received little attention is the temperature at which 

gelation (also referred as gel point) occurs which has been firstly described by Kim et 

al. [11] as one of the key parameters controlling residual stresses and mechanical 

properties of polymer composite materials. At the gel point, a remarkable increase on 

the viscosity of the resin is observed losing its ability to flow and dissipate stress. It is 

also at this stage that resin bonds to the fibers and has enough strength to initiate stress 

transfer to the fibers. Prasatya et al. [12] investigated the effects of the cure history on 

isotropic residual stresses in composite materials and concluded that they are directly 

related to the temperature at which gelation occurs. Similar observations were reported 

that indirectly support the idea that lower temperatures at which gelation occurs leads to 

a lesser extent of residual stresses [13][14][15]. Considering that stresses on the 

reinforcements and matrix start to build after gelation, the temperature at gel point 

should have an influence on the final magnitude of the residual stresses. In this research 

work, different curing cycles where time and temperature at each stage of the curing 

process were varied to yield different magnitudes of the induced stresses were 

investigated. It is envisaged that a lesser extent of residual stresses are formed when the 

gelation point occurs at lower temperatures and that the total thermal induced stress 

would be dependent on the difference between the gel point temperature and the final 

processing temperature.  

 

1.3 Objectives and Research Plan 

This research study is focused on the investigation and optimization of curing 

schemes for the production of FRPC, using glass fibers as reinforcement and an epoxy 

resin as the matrix. The different cure cycles were designed based on the assumption 

that lower temperatures of gelation will lead to a decrease in the build-up of residual 

stresses during the curing process. It is expected that this work will provide a better 

understanding of the influence of the temperature of gelation on the formation of 

residual stresses and their effect on the mechanical properties of FRPC, and therefore 

contribute to the manufacturing of composite materials with improved performance.  

For the characterization of thermoset used in this work, a combination of different 

experimental techniques was used: Differential Scanning Calorimetry (DSC) was used 

to characterize the kinetics of the reactions that occur during the cure of the thermoset 
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resin under study. Curing kinetic models were fitted to the experimental data obtained 

allowing the prediction of the development of the curing degree and curing rate under a 

given temperature and time. Glass transition development, as cure progressed, was 

modelled as function of degree of cure. Dielectric analysis (DEA) was employed for 

measurements of degree of cure in-situ (composites and neat resin samples) and 

compared to predictions made by the kinetic model established from calorimetric data. 

Optical Fiber Bragg Grating (FBG) strain sensors were used to characterize the curing 

shrinkage of the thermoset resin and compared to the linear shrinkage determined from 

density measurements. Resin properties such as stiffness and Poisson´s ratio were also 

experimentally characterized.   

Different curing cycles were designed in order to yield different magnitudes of 

residual stresses considering shorter and longer processing times at different isothermal 

temperatures. Neat epoxy resin and composite samples were prepared by embedding 

strain gauges, dielectric sensors and thermocouples which monitored the evolution of 

strain, degree of cure and temperature respectively, during processing. While 

measurements in the neat epoxy samples gave a clear indication of the effects of the 

curing regime on the strain development using an FBG sensor as a single fibre 

composite, the laminate measurements of strain in the longitudinal and transverse 

direction were compared to values estimated from micromechanical models. 

The effect of the build-up of residual stresses on the mechanical properties of 

composites were investigated by different techniques, including tensile and shear under 

static mode and tensile and four point bending in dynamic mode (fatigue testing). Test 

specimens were extracted from manufactured laminate plates using the same curing 

schemes defined for the neat resin and laminate samples.   

A short summary of the work presented as well as the main topics addressed in 

this thesis are organized as follows: 

 

Part I: Background 

Chapter 2: Introduction to the use of FRPC in wind turbine blades.  Epoxy resins and 

glass fibers as the main materials used in wind blades production. Manufacturing of 

glass fiber reinforced composites by vacuum assisted resin transfer moulding 

(VARTM). 
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Chapter 3: Introduction to chemical and physical transformations that occur in the 

thermoset matrix during cure and critical stages: Gel point, glass transition temperature, 

vitrification and shrinkage. Introduction to Differential Scanning Calorimetry (DSC) 

and its use as a characterization technique for the curing reaction of thermosets. 

Introduction to curing kinetic modelling and iso-conversional methodology. Principles 

behind dielectric analyses technique for online curing monitoring.  

 

Chapter 4: Introduction to residual stresses and their formation at micro level. Fiber 

Bragg Grating working principle and method to measure cure induced strains in host 

material. Optimization of process parameters during curing cycle:  Literature review.  

 

Part II: Experimental work 

 

Chapter 5:  Description of the raw materials, sensors and instrumentation and 

experimental methods used in this study. 

 

Chapter 6: Characterization of curing reaction of the epoxy resin by DSC. Curing 

kinetics modelling: model selection, determination of model parameters and model 

validation against experimental data. Modelling of the glass transition temperature as a 

function of cure state. Epoxy density and curing shrinkage. Dielectric analysis 

characterization: optimal measurement parameters selection and correlation between 

DEA measurements and degree of cure predicted by the established DSC curing kinetic 

model. Characterization of the curing shrinkage by FBG strain sensors: procedure for 

converting raw optical data to strain data, curing strain measurement in neat epoxy resin 

and correlation with DEA measurements. 

 

Chapter 7: Curing cycles design for neat epoxy resin and composite samples: design 

criteria, cycle’s description and proposed optimal curing cycle.  

 

Chapter 8: Measurements of temperature, degree of cure and curing strains in neat 

epoxy resin. Results from the different curing cycles are compared and discussed.  
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Chapter 9: Measurements of temperature, degree of cure and curing strains in 

composite laminate plates. Results from the different curing cycles are compared and 

discussed.  

 

Chapter 10: Composite curing strains: micro-mechanical models derivation and 

comparison with experimental measurements from chapters 8 and 9.  

 

Chapter 11: Composite residual strains and stresses: micro-mechanical models 

derivation, fibre volume fraction and gelation temperature influence. 

 

Chapter 12: Effect of residual stresses on the mechanical properties of FRPC: Static 

tensile and shear testing.  

 

Chapter 13: Effect of residual stresses on the mechanical properties of FRPC: dynamic 

tensile and four-point bending testing.  

 

Chapter 14: Relationship analysis between residual stresses and fatigue life of the 

FRPC produced: relation between residual stresses and cycles to failure and model 

proposal for fatigue life predictions.  

 

Chapter 15:  Final conclusions and suggestions for further work. 
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2 Fibre Reinforced Polymer Composites in Wind 
Turbines Blades 

 The interest in fibre reinforced polymer composites (FRPC) has increased 

significantly for several structural applications due to their enhanced strength and 

stiffness and a low weight ratio. Particularly in the wind turbines industry, the use of 

FRPC profiles have recognized potential and their use has been dominant in recent 

years. Fibre reinforced thermoset composites are typically used in nacelles and wind 

blades which are important structural components in the wind turbines.  

 In this chapter, a very brief introduction is given to the use of FRPC in wind 

rotor blades and the different external loads sources wind blades are subjected 

throughout their service life. It is of highest importance the right choice of materials that 

will guarantee the structural robustness and durability of wind blades, and therefore the 

main materials used in their construction (with a special focus on epoxy resins and glass 

fibers) are further briefly presented. Finally, glass fiber reinforced composites in wind 

industry are typically manufactured by vacuum assisted resin transfer moulding 

(VARTM) and a description of this process is also addressed. 

 

2.1  Introduction 

 As the name indicates, fibre reinforced polymer composites (FRPC) consist of a 

polymer matrix (resin) which embeds high strength fibres, resulting in a composite 

material with a combination of properties that cannot be achieved alone by their 

individual components. Fibers are the main load-bearing constituents of the composite 

material providing reinforcement to the resin, and the polymeric matrix is responsible 

for maintaining the fibers in the desired position and orientation, guaranteeing the load 

transfer between both constituents.  Owing to the combination of their excellent 

mechanical and thermal properties, corrosion resistance and low density, FRPC have 

found widespread use in several industries such as automotive, aircraft, space and 

infrastructure, substituting metallic components, especially when weight reduction is a 

critical requirement.  
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 FRPC find widespread application in wind turbine industry. Wind turbines are 

getting larger in size in order to increase their efficiency and fulfil the increasing 

demand of electricity from renewable sources. According to [16], up to mid-1980s the 

capacity of a wind turbine was less than 100 kW, increasing up to 1000 kW in the mid-

1990s and up to 2500kW in late 1990s.  In mid-2000s wind turbine capacities reached 

up to 3500 kW and today the world’s largest turbine is reported to have a capacity of 

12000 kW (capable of powering 16000 homes) with a rotor diameter of 220m and 260 

m in height [17].  

 Fibre reinforced composites are typically used in nacelles and wind rotor blades 

of the wind turbines. The wind rotor blades are the most critical component in a wind 

turbine system in terms of design which includes for example the control of the 

aerodynamic profile of the blades, their size and the proper choice of materials that 

guarantee their structural integrity and performance [18][19][20]. A schematic 

representation of a cross-section of a rotor blade is shown in Figure 2-1.  

 

  

Figure 2-1: Schematic representation of rotor blade. Retrieved from [21]. 

The wind blades are subjected to several external loads and can be categorized 

in aerodynamic (flap-wise and edgewise bending), gravitational (mainly causes 

edgewise bending), inertial (centrifugal and gyroscopic) and operational (braking, 

blade-pitch control, generator disconnection) [22][23][24]. The flap-wise and edgewise 

loads are the main sources of damage in the blades (approximately 97%)  which in turn 

determine the wind blade structural design [24]. Some types of failure include 

debonding at skin/core interfaces, delamination, fatigue of the composite materials 

(splitting along fibers) and cracking which are difficult to detect since they initiate in the 

internal parts of the components [25].  

 In addition, throughout their service life, wind turbine blades are exposed to 

different climatic conditions such as strong winds and temperature variations that can 

cause expansion and contraction of the components materials, rain and airborne 
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particulates that largely erode the leading edge (due to higher speed), ice accumulation 

that adds weight to the blades and disturbs their aerodynamics and even lighting strikes. 

All of these will increase the failure probability of wind turbine blades [25] [26] [27] 

[28].  

  

2.2  Materials for wind blades 

The common damages observed in the wind blades are controlled by the 

degradation mechanisms of the materials within their structure. Therefore, the selection 

of materials plays an important role to increase wind blades lifespan, performance and 

reliability which have been the main goals for wind blade manufacturers.  

2.2.1  Fibers  
The mechanical properties of the fibre composites materials are governed by the 

properties of the fibers and their volume fraction. In order to be able to reinforce the 

polymeric matrix, the fibers must have superior modulus and tensile strength than the 

polymer, offer a good adhesion to the matrix and be chemically resistant to all the resin 

constituents.  Glass fibers are widely used in fibre reinforced composites due to the 

wide range of properties they can offer such as chemical resistance, tensile strength, and 

excellent insulating properties, together with their readily availability and low cost. In 

the wind industry, glass fibers are the most common type of fibers used in wind blades 

and nacelles and represent up to 70% of blade weight [21]. Other alternatives include 

carbon, aramid, cellulose, natural and hybrid fibers [24][25].  

 Glass fibers 

Glass fibers are mainly composed of silica (SiO2) in which a silicon atom is 

surrounded by four oxygen atoms, forming a tetrahedral network structure. Other oxides 

such as calcium, sodium, aluminium, boron and iron are also present within their 

composition. The most common glass fibers used for reinforcement in wind turbines is 

the E-glass type, an alumina-borosilicate glass [29]. The classification of glass fibers is 

based on its chemical composition, properties and application.  

 Glass fibers are typically produced by a melt spinning process, where raw 

materials are melted and the fibers are pulled throughout holes at specified thicknesses 

in a continuous process. The stretching of the glass melt during the drawing process and 
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the greater speed of melting quenching compared to the crystallization, results in their 

amorphous structure. By varying the composition of the glass and their processing 

parameters, several types of glass fibers with different structure and distinct physical 

and chemical properties can be produced [30]. After the fibres are solidified, they are 

coated with a sizing, normally a polymeric material, to protect them against fiber-fiber 

abrasion and water absorption. The sizing material may also be tailored to enhance the 

bonding between the fibers and polymer matrices and improve the composite material 

properties. The resultant fibers are then collected and manufactured into different 

architectures being the non-crimp fabrics (NCFs) the most common found in the 

reinforcement of the wind blades  due to their unique features[18]. In non-crimp fabrics 

the glass fibers roving are stitched together and often steadied with a backing which is 

typically a fiber of small diameter and lower tex number. NCFs can be uniaxial if the 

fibers are in one orientation, biaxial if the fibers are in two orientations and multiaxial 

when more than two directions are present and their architecture has influence on the 

composite mechanical behaviour [18][31].   

2.2.2 Matrix 
Thermoset polymers are the main materials used as matrix in fiber reinforced 

composites and include epoxies, polyesters and vinyl esters as the ones being 

extensively used in wind blades manufacturing. In thermosets, new chemical bonds are 

formed due to polymerization reaction (or commonly referred as curing) resulting in a 

highly dense cross-linked three-dimensional and amorphous network structure. The 

chemical reaction is typically exothermic and the process is irreversible, meaning that 

the formed chemical bonds cannot be undone. However, thermosets become soft at 

temperatures above its glass transition temperature. This class of polymers offer a wide 

range of benefits including high rigidity, low viscosity at room temperature which 

greatly facilitates composite manufacturing, the possibility to cure them at low 

temperatures and excellent fatigue resistance.  

On the other hand, in thermoplastic polymers the individual molecules are held 

together by weak intermolecular forces which can easily be broken when heat is applied 

causing the material to melt and flow. Upon cooling, these intermolecular forces are 

reinstated with the degree of crystallization being dependent on the cooling rate. 

Contrary to thermosets, this process is reversible, meaning that the material can be re-

heated and re-shaped countless times. However, composites where thermoplastics are 
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used as matrices generally need higher processing temperatures (melting temperature) 

during their manufacturing process and own much higher viscosities and lower stiffness 

when compared to thermosets. Nevertheless, some advantages include greater fracture 

toughness and strain at failure and unlimited shelf life. 

 

 Epoxy 

Epoxy is a well-established thermoset largely used in several industries due to its 

exceptional chemical and corrosion resistance, excellent adhesion to a variety of 

substrates, high toughness, low shrinkage and dimensional stability when exposed to 

different environments (temperature, humidity). Due to a wide range of curing 

chemistries, the properties of epoxy resins can be fine-tuned to achieve a versatile range 

of applications and they are commonly used in coatings, adhesives and composite 

materials in the wind turbine blade manufacturing industry.  

 Epoxy resins were first commercialized in the late 1940s, following the research 

work of Pierre Castan of De Trey Freres, in Switzerland, and Sylvan Greenlee of DeVoe 

and Raynolds, in the United States. The first products were based on bisphenol A 

diglycidyl ether and since then numerous improvements have been made by several 

researchers [32], either by chemically modifying the precursors and/or by the use of 

different and novel curing agents. Since its first commercial production, the market for 

epoxy resins grew tremendously owing to its exceptional mechanical and chemical 

properties. Today a wide variety of epoxy resins are available, from liquid to solid, with 

a broad range of molecular weights, different functionalities and curing mechanisms to 

meet a diversity of end use applications. The epoxy resin market estimation is projected 

to reach 8.77 billion by 2021[33]. 

 The final cured thermoset epoxies result from the combination of an epoxy resin 

and a suitable curing agent, which are supplied in their unreacted forms. It should be 

noted that the term epoxy is used to denote the uncured and cured forms of the resin. 

During the curing process, which involves polymerization and cross-linking, the initial 

low molecular weight oligomers are converted into a three dimensional structure. The 

epoxy resins contain the reactive epoxy functional group or orixane group, Figure 2-2, 

which reacts with both electrophilic and nucleophilic species.  
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Figure 2-2: Schematic representation of an epoxy group. Retrieved from [34]. 

One example is the diglycidyl ether of bisphenol A (DGEBA), also used in this 

work and it is still the most common type of epoxy resin in industry, which contains two 

functional groups resulting from the reaction of bisphenol A and epichlorhydrin, in the 

presence of aqueous sodium hydroxide, Figure 2-3.  

 

 

Figure 2-3: Schematic representation of the reaction between a molecule of Bisphenol A and a 
molecule of epichlorhydrin in basic medium. Retrieved from [35] 

The conversion to a hard thermosetting solid is achieved by the addition of a 

curing agent (hardener) and/or a catalyst, and in some cases an external heat source is 

needed to accelerate and/or assist the curing reaction. The most common type of epoxy 

curing agents include amine compounds, including aliphatic and aromatic amines, with 

the latest providing the best thermal and chemical resistance properties. Catalysts 

initiate the ionic polymerization of the epoxy and include for example alcohols, Lewis 

acids and tertiary amines.  

 The curing agent used in this work consists in a mixture of tetrafunctional 

primary amines. In the first stage of curing, the primary amine will open the epoxy ring. 

The polymerization will continue with the reaction of the secondary amine with another 

epoxy group, Figure 2-4. The same reaction will occur on the other end of the diamine, 

until all diamine molecules have reacted with all the diepoxy molecules and become a 

network structure. Several other reactions may also contribute to the final crosslinked 

structure. These include for example the reaction between the epoxy group and the 

hydroxyl group (etherification) and self-polymerization of the epoxy.  
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Figure 2-4: Schematic representation of the reactions primary amine-epoxy addition (top), 
secondary amine-epoxy addition (middle) and on the bottom the hydroxyl-epoxy addition 

(etherification). Retrieved from: [10] 

 

2.3 Composite manufacturing by VARTM   

 Liquid composite moulding is a type of process which general procedure 

consists of injecting a resin into a mould cavity containing a fibre reinforcement which 

is impregnated by the liquid resin and afterwards the resin cures (induced by either a 

catalyst and/or heat) to produce a robust solid composite material which is afterwards 

demoulded [36]. Resin transfer moulding (RTM) process is a variant of liquid 

composite moulding process  and vacuum assisted resin transfer molding (VARTM) is 

a variation of the RTM process. Unlike the RTM method, the VARTM uses the 

difference in atmospheric and vacuum pressure to draw the resin into the preform and 

secure it against the mould. In addition, it uses a single sided mould instead of a double 

sided mould as in RTM [37].  

 The VARTM is the most common method to produce wind blades and parts and 

consists in five main stages: 1) At first, the reinforcement of the composite, termed 

preform, is prepared, by assembling the fiber reinforcements into the desired part shape. 

2) Afterwards the preform is placed into the mould (lay-up process) and adapted to the 

curved geometry of the mould (draping process) with the help from rolls to minimize 

the formation of wrinkles. 3) The preform is then covered by a thin textile layer (peel 

ply), followed by a perforated foil, resin channels and distribution media and finally 

toped with the vacuum bag (thin foil). While the vacuum bag provides the vacuum 



 

16 2 Fibre Reinforced Polymer Composites in Wind Turbines Blades 

tightness required for the infusion process, the perforated foil, the resin channels and the 

distribution media ensure a full and uniform wet out of the preform material. The peel 

ply, in its turn, is used to facilitate the separation of the final composite part from the 

vacuum infusion above referred materials. Afterwards, the system is air tighted along 

the edges and the air is evacuated using a vacuum pump. 4) The resin is then infused by 

several inlet tubes strategically positioned in order to control the resin flow throughout 

the mould and allow the full impregnation of the preform. This process is assisted by the 

vacuum pressure created which facilitates the flow of the resin. The resin is then 

allowed to fully cure assisted by the heat of the mould. This process may take several 

hours depending on the cure kinetics of the resin and the cure profile adopted 5) In the 

final step, the part is demoulded and is ready to be moved for the next production stage. 

A summary of this procedure is schematically represented in Figure 2-5. 

 

 

Figure 2-5: Schematic representation of typical stages in composite manufacturing by VARTM. 

In comparison to autoclave process, VARTM allows the production of large fibre 

reinforced polymer composites at large scale with low tooling cost and low labour 

requirements. Since this method allows to easily adapting to different mould designs, 

complex shapes can be obtained. Another advantage includes the ability to spot 

entrapped air bubbles due to the use of transparent vacuum bag, which can lead to 

failures of the composite parts. Some disadvantages include the probability of air 
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leakages that may cause improper resin infusion and limited compressive pressure that 

can limit the fiber volume fraction in the composite [38]. Several parameters such as the 

infusion pressure of the resin, flow, viscosity, fiber volume fraction, preform 

permeability and mould temperature have a great influence on the quality and 

performance of the resulting composites. Several studies, both experimental and 

analytical, have been focused on the investigation and optimization of the VARTM 

manufacturing process [39][40][41]. 

  



 

18 3 Thermoset curing 

3 Thermoset curing  

 As described previously, in glass fiber reinforced composites manufactured by 

VARTM, the epoxy resin is infused into a vacuum bag that contains a positioned glass 

preform. Prior to the infusion, the two parts of the epoxy resin (epoxy and curing 

agent/hardener) are pre-mixed and afterwards the resin is allowed to flow throw the 

mould wetting the fibers. After filling the mould, the crosslinking reaction of the epoxy 

will develop and a solid composite material is formed after the cure is complete. 

Thermosets curing is an irreversible chemical and highly exothermic process, and when 

the material changes from liquid to solid state remarkable changes in properties of the 

resin are observed. Curing is one of the most important stages in the production of 

FRPC since it will dictate the final performance of the composite materials. Therefore, 

the study and characterization of the cure kinetics of the polymer matrix is crucial in 

order to be able to design optimized cure cycles that will lead to composites with 

enhanced mechanical performance. This chapter will describe in detail the chemical and 

physical transformations that occur in the matrix during its cure and the different stages 

will be analysed, including phase transitions as the gel point, glass transition 

temperature, vitrification and shrinkage. An introduction is given to differential 

scanning calorimetry as an important technique to characterize the cure of thermoset 

polymers and provide valuable information such as glass transition temperature, heat of 

reaction and degree of cure. Kinetic models to describe the curing reactions are also 

outlined. Finally, a brief introduction will be given to the dielectric analyses as a 

technique to monitor the cure of a thermoset that can be used to optimize the 

manufacturing and control the quality of composite parts. 

 

3.1 Introduction 

Curing is a chemical and thermal process characteristic of thermosetting resins in 

which low molecular weight monomers covalently crosslink to each other developing a 

three dimensional  network structure of higher molecular weight. Unlike thermoplastics, 

thermosets offer the possibility to adjust the crosslinking density of the network and 

therefore a wide range of properties can be achieved. The curing process is highly 
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exothermic, meaning that heat is generated due to release of energy when 

polymerization and crosslinking between the resin components occur.  The cure state 

can be quantified on a scale of 0 to 1, denominated as degree of cure, DoC, being 0 the 

uncured state and 1 as the fully cured state. The curing process is accompanied by a 

physical state transformation from the liquid form to a solid rigid material or cured 

material, Figure 3-1. During this process the resin´s modulus increases as the reactions 

take place until it reaches stiffness levels of a cured material. For its maximum 

performance it is therefore highly desirable to achieve a fully cured state of the resin 

[42] since unreacted material may affect negatively the integrity of the final material 

[13] [43]. 

 

Figure 3-1: Schematic representation of the polymerization progression during cure. a) reactants 
before cure, b) start of the curing process with the development of larger molecules, c) gelation 
where a 3D network is formed, d) fully cured material. Adapted from  [44]. 

 The most predominant process to cure the thermoset matrix in the polymer 

composites materials relies on thermal curing and the use of ovens is widely used in the 

industry. Nevertheless, alternative curing methods for the fabrication of advanced 

polymer composites have been widely explored, including radiation and chemical 

species or a combination of any of these [45].  
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3.2 Curing cycle 

 Throughout the curing process of a thermoset resin, there are several physical 

and chemical changes developing simultaneously. The cure cycle shown in Figure 3-2 is 

a generic 1-step cure which summarizes most of resin transformations that occur as heat 

(processing temperature) is applied and the resin changes from a liquid state, composed 

of low molecular weight monomers to a high crosslinked state of maximum molecular 

weight when it is fully cured.  

 

Figure 3-2: Schematic representation of the different thermosetting properties and phenomena 
developing during a single step curing cycle.  

Almost immediately after the resin has been mixed with a suitable curing agent 

the chemical reaction starts, although usually at a very low rate. The resin at this early 

stage can be physically described as a low viscous liquid. While elevating the 

temperature in the resin lowers even further its viscosity, it also accelerates the curing 

reaction and the development of isolated polymeric chains occurs. At some point the 

polymeric chains start to crosslink with each other leading to an increase in viscosity 

and shrinkage of the material as the free volume starts to decrease. Thermoset reactions 

are generally exothermic and the heat released leads to temperature gradients which 

further accelerates the reaction. Eventually, the polymeric chains form a consistent 

crosslinked network and the material changes from a viscous liquid to a solid rubber 
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gel. The gelation can be estimated from the point where the viscosity, which 

dramatically increases at this stage, becomes immeasurable. After gelation, the resin can 

no longer flow or dissipate stress and the modulus starts to substantially develop. The 

polymeric network continues to grow and the crosslink density increases leading to 

further shrinkage and increase in modulus. The glass transition temperature eventually 

reaches the curing temperature of the resin leading to a decrease in reaction rate as the 

mobility of unreacted molecules becomes restricted switching the reaction kinetics from 

a chemical to a diffusion control mechanism. The material starts to vitrify and 

eventually becomes a solid glass. Assuming that the curing temperature is enough for 

the resin to reach its full cure state, at that point the material reaches its maximum glass 

transition temperature, no further shrinkage occurs due to reduction in free volume and 

the modulus is fully developed. Cooling down the material from the processing to the 

final temperature results in further shrinkage although in this case due to thermal 

contraction.  

 

3.2.1 Gel point 
Gelation is a chemo-rheological event characteristic of thermosets and can be 

defined by an irreversible change in the resin state from a liquid to a solid gel. It occurs 

when the molecular weight of the material reaches its maximum value, i.e. all 

monomers share at least one bond in the network structure. The instant formation of the 

three dimensional network is denominated as microscopic gelation and is dependent on 

the functionality, reactivity and stoichiometry of the reactive species. Its measurable 

properties are the solubility and molecular weight which are rather challenging to 

measure. On the other hand, macroscopic gelation – which is a consequence of 

microscopic gelation – can be experimentally detected by a few techniques where 

mechanical deformation is employed [34]. At macroscopic gelation, a sudden increase 

in viscosity is observed as the polymer develops a consistent cross-branch 3D network. 

Consequently the material loses its ability to flow [46] and at the same time, the 

material modulus starts to develop substantially (as schematically represented in Figure 

3-3). The reaction rate remains unaffected by gelation and the degree of cure at which 

gelation occurs is intrinsically related to the polymer chemistry and independent of the 

temperature in the process [47]. Nevertheless, temperature does have an effect on the 

time to reach the gel point. Generally, higher processing temperature results in reduced 
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times to reach gelation while conversely, lower processing temperatures require longer 

times [48]. In industry, the time from mixing the resin components until it reaches the 

gel point is commonly referred as the resin working time or pot life, which is the time 

frame where the resin is still processable and therefore a crucial parameter from an 

industrial point of view.  

 

Figure 3-3: Schematic representation of Viscosity and Shear Modulus as function of cure state: 
Gel point where the thermosetting material develops a consistent crosslinked polymeric network 

of infinite viscosity and residual modulus (adapted from [49]). 

The time to gelation can be estimated by different thermal analysis techniques 

such as DMA or rheology. However like many thermal analysis techniques, how the gel 

point is defined depends on the operator and the application for which the material is 

being characterized. From these techniques, considering an isothermal measurement, the 

time to gelation can be determined from the peak on the tangent 𝛿𝛿 curve (adopted by 

ASTM D4473-90), from the peak in loss modulus or the onset of the storage modulus 

curve. Measurements of complex viscosity during cure by rotational rheometer define 

the gel point at the maximum measured viscosity [34]. Alternatively, the common 

technique employed by the industry is the use of a viscometer (by far a more 

economical option) where the gel point is often considered as the onset increase in 

viscosity.  

In research and despite the inexistence of a standard procedure, optical fibres have 

been employed as strains gauges and are able to detect deformation once gelation sets in 
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[50][51][52]. This method has been employed in this work and shall be address ahead 

more in detail. Although the aforementioned techniques are able to detect the time to 

gelation, none of them give information at which degree of cure gelation occurs. The 

solution is often to couple with other techniques which are able to give information 

about the degree of cure in thermosets, such as DSC or DEA [53][54].  

 

3.2.2 Glass transition temperature 
 Amorphous materials, such as thermosets, are characterized by a 

thermodynamically second-order phase transition named glass transition and the 

temperature at which occurs is known by glass transition temperature, 𝑇𝑇𝑔𝑔. At 

temperatures below the 𝑇𝑇𝑔𝑔 the polymeric materials are a hard glassy state and above 

they become a soft rubber material. At 𝑇𝑇𝑔𝑔, the free volume of the resin becomes 

sufficient to initiate segmental motion of the polymeric chains and  consequently, 

material properties such as modulus, coefficient of thermal expansion, thermal 

conductivity and heat capacity, suffer a dramatic change [58].  

 The thermal properties of a composite material are ruled by the thermal 

properties of the polymeric matrix since the inorganic reinforcement, such as fibres, is 

considerably resistant to heat. Therefore, the glass transition temperature of the resin is 

one of the ruling parameters when designing structural applications as it limits the 

temperature range where the composite material can be used without compromising its 

performance. Among the many techniques that can be used to determine the glass 

transition temperature [59], the differential scanning calorimetry (DSC) is the most 

common one. 

Throughout the curing process, as represented in Figure 3-4, 𝑇𝑇𝑔𝑔 will increase as 

the cross-linking reaction proceeds from the lowest glass transition temperature on the 

uncured state to a maximum possible obtainable for the specific resin when fully cured. 

This maximum achievable 𝑇𝑇𝑔𝑔 is ruled by the polymer chemistry and generally, the 

higher crosslinking density results in a higher 𝑇𝑇𝑔𝑔. 
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Figure 3-4: Representation of the development of the glass transition temperature with the 
extent of cure 

 Several models have been proposed in order to correlate the glass transition 

temperature of a thermoset resin with the extent of the curing reaction [60][61][62]. In 

this work, DiBenedetto equation has been used to relate the 𝑇𝑇𝑔𝑔 with the degree of cure, 

which has been widely used in several polymeric thermosets such as epoxies. 

DiBenedetto’s equation [60] can be written as follows: 

 
𝑇𝑇𝑔𝑔 −  𝑇𝑇𝑔𝑔0

𝑇𝑇𝑔𝑔∞ −  𝑇𝑇𝑔𝑔0
=  

ʎ𝛼𝛼
1 − (1 − ʎ)𝛼𝛼

 (3-1) 

 

Where 𝑇𝑇𝑔𝑔 is the glass transition, 𝑇𝑇𝑔𝑔0 is the glass transition of the uncured material 

(initial), 𝑇𝑇𝑔𝑔∞ the maximum glass transition and ʎ a fitting parameter.  

 

3.2.3 Vitrification 
 During the curing process, if the glass transition temperature reaches and/or 

surpasses the curing temperature of the material, vitrification will occur (as 

schematically represented in Figure 3-5). At this point, the material changes from a 

rubbery to a glassy non-equilibrium state and the reaction rate significantly slows down 

due to the decrease on the segmental and molecular mobility of the reactive species 

[34]. Essentially, the chemical reaction is quenched by changing from a fast chemical 

controlled mechanism into a much slower diffusion of reactants to active reaction sites. 
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If the material vitrifies completely then the reaction becomes so slow that is virtually 

non-existent.  

 Vitrification can be overcome by heating the partially cured thermoset to 

temperatures equal or above its maximum glass transition temperature in order to 

resume the reaction. However, attention must be given to the exothermic nature of the 

curing reaction as too much heat can be generated in the process and lead to the 

degradation of the thermoset. Therefore, in some cases it is recommendable to perform 

a two-step cure cycle to avoid high temperature gradients. A first step at a lower 

temperature to partially cure the material and then a second step at higher temperature to 

assure that the material is fully cured. If the last step involves a curing temperature 

above the maximum glass transition temperature, vitrification will occur as the material 

is cooled down. However in this case, the glass transition temperature is constant and it 

is the material temperature variation that takes the material from a rubbery to a glassy 

state as represented in Figure 3-5. 

 

Figure 3-5: Schematic representation of the vitrification and devitrification phenomena in a two-
step curing thermoset.  

3.2.4 Shrinkage  
 Another physical change that occurs during the curing process is the shrinkage 

of the thermoset as the volume changes as a result of the chemical reaction and thermal 

contraction (schematically represented in Figure 3-6). An increase in the polymer chain 

crosslinking density which accompanies the curing process will result in a more 

compacted configuration of molecules due to reduction in free volume. This 

phenomenon depends exclusively on the chemistry of the thermoset resin. In addition, a 
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thermal contraction will be observed when the material cools down to room temperature 

and this change on resin´s volume depends on its coefficient of thermal expansion.  

 

Figure 3-6: Schematic representation of volume reduction due to shrinkage (Chemical shrinkage 
and thermal contraction) during thermoset curing.  

3.2.5 TTT diagram 
 Temperature-Time-Transformation (TTT) diagrams are a useful tool to record 

the different changes that occur during the curing process of a thermoset. Phenomena 

such as gelation, vitrification, full cure and degradation (char region) can be plotted as a 

function of both reaction time and temperature. A typical Temperature-Time-

Transformation diagram of a generic curing thermoset polymer is shown in Figure 3-7. 

Information regarding the time necessary to reach a certain type of transformation, at a 

certain temperature, can be easily obtained. For example, by plotting a straight 

perpendicular line to the temperature axis (Figure 3-7), it is possible to estimate for that 

particular temperature, the time available to reach the gel point where the material is 

still processable, the time until the chemical reaction stops due to vitrification, the time 

until it reaches its full cure state or when it would start to degrade. Such diagrams can 

be a very handy tool when estimating curing cycles, however, a considerable amount of 

additional characterization is needed to design an accurate curing cycle for a specific 

thermoset with a particular chemical composition.  
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Figure 3-7: A typical TTT diagram for a thermosetting resin representing the different material 
states throughout the cure process where the time to reach gelation (tgel), time to reach 

vitrification (tvit) and time to reach full cure (tFC ) can be estimated for a given isothermal cure 
temperature.  Adapted from [63]. 

 

3.3 Curing characterization by DSC 

 Differential Scanning Calorimetry (DSC) is a thermal analysis technique that 

can be used to investigate a wide range of thermodynamic and kinetic events in several 

materials, from polymers and ceramics to food, pharmaceuticals and proteins. By 

definition, a DSC analyser measures the heat flow rate difference between a sample and 

a reference sample as a function of time or temperature under a controlled temperature 

program [64]. The changes in energy that occur when a  sample is subjected to a 

temperature variation, either by isothermal or dynamic (non-isothermal) programs, can 

provide valuable information on glass transition, crystallization and melting 

temperatures, heat of reactions, enthalpies, degree of cure and other complex events. 

Besides fast and easy measurements, DSC offers the advantage of using relatively small 

quantity of samples (approximately from 5 to 20 mg) with little or no preparation in 

beforehand.  
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3.3.1 Types of DSC 
 There are two types of DSC instruments, Power Compensation DSC and the 

Heat Flux DSC. The difference between the heat flux DSC and power compensation 

DSC mainly rely on the speed that samples can be heated or cooled. The power 

compensated DSC instruments uses two small furnaces mounted inside a metal 

container. One furnace contains the sample to be analysed and the other furnace 

contains the reference sample. Both furnaces are heated or cooled at a certain rate and in 

order to maintain the sample and reference at the same temperature, a power 

compensation is applied with electric energy. Each furnace is coupled with a 

temperature sensor and the energy supplied to the sample under study is compared to 

the energy supplied to the reference sample. In the Heat Flux DSC, the sample to be 

analysed and the reference sample are located in a single furnace.  The furnace is 

equipped with one or multiple temperature sensors, a heater and the sample 

holders/pans. After placing the sample and reference sample on the respective holders, 

they are heated or cooled at a certain rate according to the defined programme, while an 

inert gas is allowed to flow through the furnace. Throughout the process, the events 

transitions within the sample in study will create a difference in temperature, ∆T, 

between the sample and the reference, which is recorded. The signal is then converted to 

a heat flow difference which can be presented as a function of time or temperature [65]. 

DSC instruments are typically available for temperatures between -190C and 1600C 

with heating rates reaching 500K/min [66]. Modulated DSC can be considered as an 

addition to conventional DSC which instead of employing a linear heating or cooling 

rate as conventional DSC, it uses a sinusoidal temperature variation which allows to 

separate the different contributions to the total heat flow as reversible and non-

reversible heat flow.     

 

3.3.2 Cure characterization of thermoset resins 
 Information regarding the glass transition temperature, heat of reaction and heat 

flow rate provided by DSC is of particular interest for the cure characterization of 

thermoset resins. The glass transition temperature can be detected by a step change on 

the heat flow rate by scanning the material at a constant heating rate under dynamic 

mode. The step change is caused by a variation in heat capacity (𝐶𝐶𝑝𝑝) as the material 

transitions from a glassy (lower 𝐶𝐶𝑝𝑝) to a rubbery state (higher 𝐶𝐶𝑝𝑝). The glass transition 
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temperature of the uncured material (𝑇𝑇𝑔𝑔0), fully cured material (𝑇𝑇𝑔𝑔∞) and at different 

partially cured stages can be obtained by this technique and used to model the 

relationship between the degree of cure and the glass transition temperature.  

 The crosslinking reaction is characteristically exothermic thus the heat of 

reaction generated during the process, measured as heat flow rate by the DSC, can be 

correlated to the degree of cure as a normalized measure of the depletion of reactive 

species.  Dynamic DSC scans, which cover a range of temperatures at a constant heating 

rate, are useful to determine the total heat of reaction and the residual heat of reaction 

from partially cured samples. Dynamic scans can also give indication of multi-step 

reactions by for instance, the presence of more than one peak or shoulders in the heat 

flow rate curve.  

 The use of isothermal scans for cure characterization typically involve heating a 

sample to the desired curing temperature (usually at fast heating rate) and measure the 

heat flow rate until the change in signal becomes negligible. Depending on the 

isothermal temperature applied, the negligible heat flow variation may be either due to 

full depletion of reactants indicating that the sample is fully cured (total heat of reaction 

is measured) or due to vitrification of the material as the reaction rate becomes very low 

resulting in a partial cured sample (the total heat of reaction is partially measured). 

Isothermal measurements present some limitations such as potential loss of kinetic data 

which can occur during the ramp up to high curing temperatures. Faster heating rates 

can be used to reach the desired curing temperature however they may result in 

overshooting and kinetic data can still be lost during the temperature equilibration 

period. Lower isothermal curing temperatures are also limited by the equipment 

sensitivity which may not be able to fully capture the heat flow resulting in distorted 

signal. Another limitation related to isothermal scans is the definition of the baseline 

required to estimate the heat of reaction. While in dynamic scans the typical procedure 

is to consider a straight line between the onset and offset of the curing reaction, the 

definition of a baseline in isothermal scans is less straightforward due loss of kinetic 

data as referred above. A proper definition of a baseline is important for determining the 

heat of reaction and can be a source of uncertainty in kinetic modelling. 

 The heat of reaction can be determined from isothermal and dynamic scans from 

the area limited by the heat flow curve and the baseline. Thus the heat of reaction 𝐻𝐻(𝑡𝑡) 

can be estimated by integrating the heat flow 𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑡𝑡

 in respect to time as:   
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𝐻𝐻(𝑡𝑡) =  �
𝑑𝑑𝐻𝐻(𝑡𝑡)

𝑑𝑑𝑡𝑡

𝑡𝑡

𝑡𝑡0

 𝑑𝑑𝑡𝑡 (3-2) 

 

Where 𝑡𝑡0 represents onset reaction time and 𝑡𝑡 the time at which the reaction 

comes to a halt. The degree of cure 𝛼𝛼 at any time can then be estimated by: 

𝛼𝛼 =   
𝐻𝐻(𝑡𝑡)
𝐻𝐻𝑇𝑇

 (3-3) 

Where 𝐻𝐻𝑇𝑇 corresponds to the total heat of the reaction for a fully cured sample which 

can be directly estimated from a single dynamic DSC scan or by the sum of the heat of 

reaction from an isothermal scan plus the residual heat of reaction determined from a 

consequent dynamic scan on the same sample. 

3.4 Curing kinetics modelling 

Several models have been developed to describe and predict the curing reactions 

in thermosetting resins and they can be classified either as mechanistic or 

phenomenological reaction models. Although more accurate, mechanistic models (also 

known as fundamental models) require knowledge of all the species concentration 

present in the solution which increases the model´s complexity. In addition, most 

suppliers of commercially available resins do not disclose the required information to 

properly characterize the curing reaction, making the use of mechanistic modelling less 

appealing. On the other hand, phenomenological (or empirical) models only depend on 

information concerning the main features of the overall reaction without requiring 

detailed knowledge of the reactants or the specific kinetics behind their consumption 

and product formation. Phenomenological models in curing kinetic modelling are 

usually fitted to experimental data and are the ones adopted in this work to model the 

curing reaction by DSC.  

The main assumption for modelling the curing reaction from DSC data is that the 

rate generation of heat of reaction 𝑑𝑑𝑑𝑑 (𝑡𝑡)
𝑑𝑑𝑡𝑡

 is proportional to the formation of covalent 

bonds by the reactants and can be related to the reaction rate as: 
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𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

=  
1

𝐻𝐻(𝑡𝑡)
 
𝑑𝑑𝐻𝐻 (𝑡𝑡)

𝑑𝑑𝑡𝑡
 (3-4) 

Where 𝐻𝐻(𝑡𝑡) is the heat of reaction and  𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

  the reaction rate. Considering a 

constant pressure, the phenomenological kinetic model for a generic curing reaction in 

isothermal conditions can be expressed as: 

𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝐾𝐾(𝑇𝑇) 𝑓𝑓(𝛼𝛼) (3-5) 

Where 𝐾𝐾(𝑇𝑇) is the rate constant which depends on the temperature of the system, 

and 𝑓𝑓(𝛼𝛼) is a function that depends on the extent of conversion 𝛼𝛼. Depending on the 

reaction mechanisms of the process, 𝑓𝑓(𝛼𝛼) may assume several forms. The rate constant 

𝐾𝐾(𝑇𝑇) on the other hand is typically expressed by the Ahrrenius equation:   

𝐾𝐾 (𝑇𝑇) = 𝐴𝐴 𝑒𝑒−𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇 (3-6) 

 Where 𝐴𝐴 is a pre-exponential factor, 𝐸𝐸𝑎𝑎 the activation energy, 𝑅𝑅 the universal 

gas constant and 𝑇𝑇 the absolute temperature. Substituting the Ahrrenius equation (3-6) 

into the equation (3-5) the curing rate for isothermal conditions becomes: 

𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝐴𝐴𝑒𝑒−𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇 𝑓𝑓(𝛼𝛼) (3-7) 

In the scenario where the experimental data was obtained by non-isothermal 

conditions, equation (3-7) needs to be modified to include the heating rate (𝛽𝛽) which is 

expressed as: 

𝛽𝛽 =  
𝑑𝑑𝑇𝑇
𝑑𝑑𝑡𝑡

 (3-8) 

The general equation for a dynamic curing process with a constant heating rate 

(𝛽𝛽), can then be written as: 

𝛽𝛽
𝑑𝑑𝛼𝛼
𝑑𝑑𝑇𝑇

= 𝐴𝐴𝑒𝑒−𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇 𝑓𝑓(𝛼𝛼) (3-9) 

Equations (3-7) and (3-9) deliver the basis for differential kinetic modelling applicable 

to any isothermal and dynamic temperature programs respectively, regardless of the 

reaction model defined by 𝑓𝑓(𝛼𝛼).   

3.4.1 Chemical models 

Although there is an extensive number of reaction models for representing 𝑓𝑓(𝛼𝛼), 

they can be summarised into to three main categories: sigmoidal (also called 
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autocatalytic), accelerating and decelerating models, owning their particular 

characteristic kinetic profiles as exemplified in Figure 3-8.  

 

Figure 3-8: Extension of conversion (or degree of cure) as function of time for typical 
thermosetting reaction profiles: 1) decelerating, 2) accelerating and 3) autocatalytic or 

sigmoidal. Retrieved from [67].  

Models with accelerating reaction profiles are typical of processes where the 

reaction rate is low at early stage of conversion and increases with increasing 

conversion, reaching a maximum rate at the end of the process. The reaction model of 

this type can be described as a power law function such as:    

𝑓𝑓(𝛼𝛼) =  𝑛𝑛𝛼𝛼(𝑛𝑛−1)/𝑛𝑛 (3-10) 

Where 𝑛𝑛 is a constant. Deaccelerating models are basically the opposite. The maximum 

reaction rate occurs at the beginning of conversion and tend to decrease for higher 

extents of conversion reaching a minimum rate once the process is finished. The nth 

order reaction model is a typical deaccelerating model and is represented as:  

𝑓𝑓(𝛼𝛼) =  (1 − 𝛼𝛼)𝑛𝑛 (3-11) 

With 𝑛𝑛, as the reaction order. Autocatalytic models can be described as a combination 

of the two aforementioned reaction profiles. The reaction rate is low at early and later 

stages of conversion with the maximum reaction rate somewhere at an intermediate 

conversion stage. The autocatalytic model includes two reaction order parameters, 𝑚𝑚 

and 𝑛𝑛, and can be expressed as: 

𝑓𝑓(𝛼𝛼) =  𝛼𝛼𝑚𝑚(1 − 𝛼𝛼)𝑛𝑛 (3-12) 
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The vast majority of reaction profiles associated with the epoxy reaction (and 

other thermoset reactions) can be reduced to either being deaccelerating or autocatalytic. 

Several reaction models are similar forms of equations (3-11) and (3-12) or even a 

combination of both when describing multi-step curing reactions. 

Table 3-1 lists some of the typical phenomenological kinetic models (including 

the constant rate equation (3-6)) that have been used for kinetic analysis of epoxies 

curing reaction. 

Table 3-1: Typical phenomenological kinetic models represented in the differential form of 

epoxies curing reactions. Adapted from [68] [69] 

# Model Expression  Remarks Eq. 

1 First order 𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝐾𝐾(1 − 𝛼𝛼)  (3-13) 

2 Second order 
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝐾𝐾(1 − 𝛼𝛼)2  (3-14) 

3 nth order 
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝐾𝐾(1 − 𝛼𝛼)𝑛𝑛 𝑛𝑛 as reaction order (3-11) 

4 nth order series 
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= � 𝑔𝑔𝑖𝑖
𝑖𝑖

𝐾𝐾𝑖𝑖(1 − 𝛼𝛼𝑖𝑖)𝑛𝑛𝑖𝑖  𝑔𝑔𝑖𝑖 as factor for the ith 

reaction 
(3-15) 

5 Polynomial 𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝐾𝐾(𝑎𝑎0 + 𝑎𝑎1𝛼𝛼 + 𝑎𝑎2𝛼𝛼2) 𝑎𝑎0, 𝑎𝑎1, 𝑎𝑎2 as constants (3-16) 

6 Autocatalytic - 1 
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝐾𝐾𝛼𝛼𝑚𝑚(1 − 𝛼𝛼)𝑛𝑛(−ln (1 − 𝛼𝛼))𝑝𝑝 

𝑚𝑚, 𝑛𝑛 𝑎𝑎𝑛𝑛𝑑𝑑 𝑝𝑝 as reaction 

orders. Often used in a 

truncated form (𝑝𝑝 = 0) (as 

represented in equation ) 

(3-17) 

7 Autocatalytic - 2 
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= (𝐾𝐾1 + 𝐾𝐾2𝛼𝛼𝑚𝑚)(1 − 𝛼𝛼)𝑛𝑛 𝑚𝑚, 𝑛𝑛 as reaction orders (3-18) 

8 Autocatalytic - 3 𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= (𝐾𝐾1 + 𝐾𝐾2𝛼𝛼)(1 − 𝛼𝛼)(𝐵𝐵 − 𝛼𝛼) 𝐵𝐵 as a stoichiometric factor (3-19) 

With  𝐾𝐾𝑖𝑖 = 𝐴𝐴𝑖𝑖 𝑒𝑒
−

𝐸𝐸𝑎𝑎𝑖𝑖
𝑅𝑅𝑅𝑅  where 𝑖𝑖 denotes the 𝑖𝑖𝑡𝑡ℎ reaction model 

 

3.4.2 Diffusion models 
During cure, the formation of new covalent bonds increases the crosslinking 

density which subsequently raises the 𝑇𝑇𝑔𝑔 of the material. As referred in chapter 3.2.3, 

vitrification occurs when 𝑇𝑇𝑔𝑔 reaches and surpasses the curing temperature. The 

reduction in molecular mobility due to a transition from a rubbery to glassy state results 

in a dramatic decrease of the reaction rate which is no longer exclusively controlled by 

chemical kinetics. The rate at which functional reactive groups from the “frozen” 
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polymeric networks are able to react with molecules by chain diffusion and molecular 

movement becomes more dominant. The process where molecules migrate from higher 

to lower concentrations areas is denoted as diffusion. Progressively, the reaction 

changes from a relative fast chemical control kinetics to a much slower diffusion control 

kinetics[70][71]. Chemical models such as the ones in Table 3-1 always reach unity 

regardless of the temperature employed. While they may be able to fairly reproduce or 

predict the cure state development for processing temperatures that always remain well 

above 𝑇𝑇𝑔𝑔, they tend to overestimate when processing temperatures are so low that 

vitrification occurs. This limitation can be corrected by modifying the chemical model 

to include a 𝛼𝛼𝑚𝑚𝑎𝑎𝑚𝑚 which represents the maximum degree of cure attainable at a given 

isothermal temperature. An example of this approach was used by Kenny et al.[72] 

when modelling the curing reaction of an epoxy considering the nth order reaction 

model as:  

𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

=  𝐾𝐾(𝛼𝛼𝑚𝑚𝑎𝑎𝑚𝑚 − 𝛼𝛼)𝑛𝑛 (3-20) 

 

Where 𝛼𝛼𝑚𝑚𝑎𝑎𝑚𝑚 is modelled as function of the isothermal curing temperature. Logically, 

when 𝛼𝛼 equals 𝛼𝛼𝑚𝑚𝑎𝑎𝑚𝑚, the reaction rate becomes null and the degree of cure does not 

reach unity. More common and widely used in the literature, is to extend the chemical 

model with a diffusion factor where the rate constant is defined as an overall balance 

between two rate constants governed by chemical and diffusion kinetics. This relation 

was first developed by Rabinowitch [73] and is expressed as:   

1
 𝐾𝐾𝑒𝑒(𝛼𝛼, 𝑇𝑇)

=  
1

 𝐾𝐾𝑐𝑐(𝑇𝑇)
+

1
 𝐾𝐾𝑑𝑑(𝛼𝛼, 𝑇𝑇)

 
(3-21) 

Where  𝐾𝐾𝑒𝑒 is the effective overall rate constant,  𝐾𝐾𝑐𝑐 the Arrhenius rate constant for the 

chemical control kinetics and  𝐾𝐾𝑑𝑑 as the diffusion control kinetics which includes a 

temperature dependence rate  𝐾𝐾𝑑𝑑0(𝑇𝑇)  (typically an Arrhenius rate constant) and a cure 

state dependent expression  𝑓𝑓𝑑𝑑(𝛼𝛼) for the diffusion controlled reaction. Equation (3-21) 

shows that the overall reaction rate is chemically controlled when  𝐾𝐾𝑑𝑑 ≫  𝐾𝐾𝑐𝑐 prior to 

vitrification and diffusion controlled when  𝐾𝐾𝑐𝑐 ≫  𝐾𝐾𝑑𝑑 after vitrification, having a 

smooth transition when 𝐾𝐾𝑐𝑐 ≈  𝐾𝐾𝑑𝑑 [70]. Widely used examples of diffusion models 

applied as an extension of chemical models to account for vitrification in epoxy 

reactions are summarized in Table 3-2. 
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Table 3-2: Typical diffusion models found in literature for epoxies curing reactions.  

# Model Expression  Remarks Eq. 

1 
Simon and Gillham 

[74] 

𝐾𝐾𝑑𝑑 = 𝐴𝐴𝑑𝑑exp �− 𝐸𝐸𝑑𝑑

𝑅𝑅𝑇𝑇
� exp �−𝑏𝑏

𝑓𝑓
�; 

With: 

𝑓𝑓 = 0.00048�𝑇𝑇 − 𝑇𝑇𝑔𝑔� + 0.025 

 

𝐴𝐴𝑑𝑑: diffusion frequency factor 

𝐸𝐸𝑑𝑑: activation energy of 

diffusion 

𝑏𝑏: material parameter 

𝑓𝑓: fraction free volume 

(3-22) 

2 
Wisanrakkit and 

Gillham [75] 
𝐾𝐾𝑑𝑑 =  𝐾𝐾𝑑𝑑0exp �

𝐶𝐶1(𝑇𝑇 − 𝑇𝑇𝑔𝑔)
𝐶𝐶2 + �𝑇𝑇 − 𝑇𝑇𝑔𝑔�

�  

𝐶𝐶1 and 𝐶𝐶2 are material 

constants 

𝐾𝐾𝑑𝑑0: diffusion frequency factor 

(3-23) 

3 
Cole et al. 

[76] 

𝑓𝑓𝑑𝑑(𝛼𝛼) =
𝐾𝐾𝑒𝑒

𝐾𝐾𝑐𝑐
=

1
1 + exp (𝐶𝐶(𝛼𝛼 − 𝛼𝛼𝑐𝑐)) 

With: 

𝛼𝛼𝑐𝑐 = 𝛼𝛼𝑐𝑐𝑇𝑇𝑇𝑇 − 𝛼𝛼𝑐𝑐0 

𝐶𝐶: material constant 

𝛼𝛼: degree of cure 

𝛼𝛼𝑐𝑐: critical degree of cure 

𝛼𝛼𝑐𝑐𝑇𝑇: rate change of 𝛼𝛼𝑐𝑐witht 𝑇𝑇 

𝛼𝛼𝑐𝑐0:initial critical degree of 

cure  

(3-24) 

 

While the diffusion models by Simon and Gillham [68] and Wisanrakkit and 

Gillham [69] make use of  �𝑇𝑇 − 𝑇𝑇𝑔𝑔� to trigger the transition between chemical and 

diffusion kinetics, the model by Cole et al. [70] considers a temperature dependent 

critical degree of cure at which the transition occurs. The model was originally 

developed by Chern and Poehlein [77] in the form 𝐾𝐾𝑑𝑑 = 𝐾𝐾𝑐𝑐exp [−𝐶𝐶(𝛼𝛼 − 𝛼𝛼𝑐𝑐)] with the 

particularity that the temperature dependence for the chemical and diffusion rates was 

assumed to be the same ( 𝐾𝐾𝑑𝑑0 = 𝐾𝐾𝑐𝑐). However, as pointed by Cole et al., the transition 

from chemical to diffusion control in the original expression would result in an abrupt 

change when 𝛼𝛼 = 𝛼𝛼𝑐𝑐. In reality, the transition is gradual and Cole et al. solve this by 

including the original expression in the Rabinowitch equation (3-21) which when 

rearranged in order to 𝑓𝑓𝑑𝑑(𝛼𝛼) it takes the form as expressed in equation (3-24). Details 

about this model will be further discussed in chapter 6.2.3 since it was the one adopted 

in this work.  

 

3.4.3 Isoconversional methods 
The main purpose of isoconversional methods is to determine a dependence of the 

activation parameters from the Arrhenius rate constant on the extent of conversion and 

temperature. The underlying assumption of isoconversional methodology is that the 
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reaction rate (equation (3-5)) is product of two functions which are independent of each 

other: one depending on temperature 𝐾𝐾(𝑇𝑇) and the other on the extent of conversion 

 𝑓𝑓(𝛼𝛼) representing the reaction mechanism, where at any constant extent of conversion, 

the reaction rate is only a function of temperature[78]. By applying the natural 

logarithms on both sides of equation (3-5):   

ln
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

=  ln 𝐾𝐾 (𝑇𝑇) +  ln 𝑓𝑓(𝛼𝛼) (3-25) 

And writing the equation as partial derivative at constant extent of conversion, it 

becomes: 

�
𝜕𝜕 ln(𝑑𝑑𝛼𝛼

𝑑𝑑𝑡𝑡 )
𝜕𝜕𝑇𝑇−1 �

𝑑𝑑𝑖𝑖

=  �
𝜕𝜕 ln 𝐾𝐾(𝑇𝑇)

𝜕𝜕𝑇𝑇−1 �
𝑑𝑑𝑖𝑖

+  �
𝜕𝜕 ln 𝑓𝑓(𝛼𝛼)

𝜕𝜕𝑇𝑇−1 �
𝑑𝑑𝑖𝑖

 (3-26) 

Since 𝛼𝛼 is constant, the corresponding 𝑓𝑓(𝛼𝛼) is also constant and therefore,  

�
𝜕𝜕 ln 𝑓𝑓(𝛼𝛼)

𝜕𝜕𝑇𝑇−1 �
𝑑𝑑𝑖𝑖

= 0 (3-27) 

Taking the logarithmic derivative of the Arrhenius coefficient logarithm, the first term 

in the right side of the equation (3-26) is given by [79]: 

�
𝜕𝜕 ln 𝐾𝐾(𝑇𝑇)

𝜕𝜕𝑇𝑇−1 �
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𝑅𝑅𝑇𝑇
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𝑑𝑑𝑖𝑖

=  
−𝐸𝐸𝑎𝑎,𝑑𝑑𝑖𝑖

𝑅𝑅
 (3-28) 

Thus, 

�
𝜕𝜕 ln(𝑑𝑑𝛼𝛼

𝑑𝑑𝑡𝑡 )
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𝑑𝑑𝑖𝑖

=
−𝐸𝐸𝑎𝑎,𝑑𝑑𝑖𝑖

𝑅𝑅
 (3-29) 

Isoconversional methods can provide values of 𝐸𝐸𝑎𝑎 without assuming a specific 

reaction model (therefore also known as “model-free” methods) and can give 

meaningful information about the reaction mechanism: a constant 𝐸𝐸𝑎𝑎 with varying 𝛼𝛼 

hints that the reaction mechanism may be simple (single step). On the other hand, if 

𝐸𝐸𝑎𝑎varies considerable with 𝛼𝛼, then the overall reaction mechanism may be composed of 

several steps. Isoconversional methods can be divided in two main categories: 

differential or integral forms depending on the mathematical resolution applied. The 

Friedman differential isoconversional method [80] is commonly applied for kinetic 

analysis in DSC data and is generally expressed as:  
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ln �
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

�
𝑑𝑑,𝑖𝑖

=  ln[𝐴𝐴 𝑑𝑑𝑓𝑓(𝛼𝛼)] −
𝐸𝐸𝑎𝑎

𝑅𝑅𝑇𝑇𝑑𝑑,𝑖𝑖
 (3-30) 

Assuming that the reaction model 𝑓𝑓(𝛼𝛼) is constant, the value 𝐸𝐸𝑎𝑎 is calculated from the 

slope of the plot ln �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

�
𝑑𝑑,𝑖𝑖

 as function of 1
𝑇𝑇�  for each given 𝛼𝛼 where the index 𝑖𝑖 

denotes the 𝑖𝑖𝑡𝑡ℎ isothermal temperature program. The isoconversional Friedman method 

was used in this work and shall be addressed again in chapter 6.2.2.  

3.5 Curing monitoring by DEA   

 Dielectric analysis (DEA) can provide information about the cure state of a 

thermoset resin and can be used to optimize the manufacturing process and control its 

quality. Compared to other thermal analysis techniques, dielectric analysis offers the 

possibility to monitor the physical and chemical changes in thermoset resins, 

continuously and in situ, from the starting point of the cure process to the moment that 

the resin is fully cured. Several parameters, such as the dielectric constant, conductivity 

and resistivity, permittivity and loss tangent, can be measured with high precision and 

on real time[81].  

 The technique measurement principles consist in placing a material between two 

electrodes and apply a sinusoidal AC voltage, at a certain frequency, in order to create 

an electric field. In response to this field, the ions within the sample move from a 

random orientation towards an electrode with contrary polarity and the dipoles align 

with the electric field. By measuring the resultant amplitude change and phase shift, the 

dielectric properties of permittivity, conductivity, resistivity and loss factor can be 

calculated [82]. In polymers, mobile ions result from additives and/or impurities and 

dipoles from the resin monomers [83]. During the curing of thermosets, the 

measurement of the conductivity is of great importance since it is related to the ions 

mobility within the resin and hence the changes in the viscosity during the curing 

process can be monitored. The conductivity 𝜎𝜎 is given by:  

𝜎𝜎 =  𝜎𝜎𝐷𝐷𝐷𝐷 +  𝜎𝜎𝐴𝐴𝐷𝐷 (3-31) 

Where 𝜎𝜎𝐷𝐷𝐷𝐷 is the conductivity related to the movement of mobile ions (frequency 

independent) and 𝜎𝜎𝐴𝐴𝐷𝐷 (frequency dependant) results from the rotation of stationary 

dipoles. Resistivity 𝜌𝜌 is the inverse of conductivity and is given by: 
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𝜌𝜌 =  
1
𝜎𝜎

 (3-32) 

 During the cure process monitoring of thermosets it is especially important the 

DC resistivity (𝜌𝜌𝐷𝐷𝐷𝐷) or ion viscosity (𝐼𝐼𝐼𝐼), given by: 

𝐼𝐼𝐼𝐼 =  𝜌𝜌𝐷𝐷𝐷𝐷 =  
1

𝜎𝜎𝐷𝐷𝐷𝐷
 (3-33) 

Which is influenced by the crosslink density and can therefore be related to curing state 

of the system. This technique was employed in this work to monitor the cure state 

development of neat resin and composite samples and shall be further addressed in 

chapter 6.5.  
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4 Residual Stresses 

In the production of FRPC, one of the main challenges is the control of the build-

up of residual stresses within the composite that can lead to dimensional distortions and 

premature failure of the composite material. In the manufacturing of fiber reinforced 

thermoset materials by liquid moulding processes, such as VARTM, the development of 

residual stresses are governed by the chemical shrinkage of the polymeric matrix during 

cure and the mismatch in thermal contraction of the components upon cooling. When 

the thermoset resin cures, the polymeric material goes from a low viscous liquid state 

into a solid upon development of a compact cross-linked network of the polymeric 

chains. The increase in crosslinking density translates into a reduction of the free 

volume which leads to a volumetric shrinkage of the material. Since the fibers within 

the composite do not shrink in similar way, they become under compressive stress while 

the resin builds up tensile stresses due to a constraining effect between the two 

components. Upon cooling, these stresses are further exacerbated due to a mismatch in 

thermal contraction caused by a difference in coefficient of thermal expansion which 

may differ by several orders between these materials. Physical transformations and 

changes on the material properties during processing must therefore be taken into 

consideration when designing curing cycles that aim at minimizing the development of 

residual stresses. 

In this work, the formation of processing induced residual stresses in FRPC 

materials at the micro scale, i.e. at the ply/lamina level is the main focus of investigation 

and it will be further addressed in this chapter. A general overview of the available 

methods to measure residual stresses is given with a special focus on the embedment of 

Fibre Bragg Grating sensors which will be used in this work. Finally, the latest research 

related to the optimization of parameters during the curing cycle of thermosets (both 

experimental and analytical) in order to reduce the residual stresses is reviewed. 
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4.1 Introduction 

 In the literature, residual stresses are defined as stresses that remain in a 

material in the absence of external loads [84]. They can originate from several sources, 

from their manufacturing process to the environmental conditions during their service 

life. In composite materials, residual stresses can develop at different scales and 

therefore can be classified in micro, macro and global residual stresses: Micro residual 

stresses develop at the materials constituent level, i.e. matrix and fibres and include for 

example stresses that develop during phase transformations (such as shrinkage during 

crosslinking of polymers), differences on the stiffness of the different constituents 

(such as polymeric matrix and fiber reinforcement) and mismatch on their coefficients 

of thermal expansion (CTE). Macro residual stresses form on the ply-to-ply scale due 

to the mismatch on CTE of each ply in transverse and longitudinal directions and 

global scale residual stresses arise from a variation through a thickness of a composite 

structure. Due to the detrimental effect that these stresses may have in the materials 

performance, researchers and engineers have been determined to understand their 

complex nature. Therefore, different methods for the measurement of stresses, 

simulations for their prediction and optimization of manufacturing processes have been 

widely explored [85].  

 

4.2 Formation of residual stresses at micro level 

 At the micro level, the main sources of residual stresses in composites are 

related to the mismatch of free strains1 in fiber and matrix formed during the shrinkage 

of the polymeric matrix (chemical crosslinking) and cooling stage due to the 

differences in thermal contraction of the different components (fibers and matrix). 

Other factors that have an impact on the development of residual stresses at micro level 

include void content, fibre volume fraction, and interface (bonding) properties which, 

with exception of fibre volume fraction, are out of scope of this work. Residual stresses 

are found to have an impact on the geometry of the composite parts causing geometric 

                                                 

 
1 Free strains denote the relative dimensional change of the constituent materials in the absence of constraints. That 
is, the resulting fibre and matrix strains if they were able to expand/contract independent of each other.   
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deviations such as spring-in and warpage [86] and negatively affect their mechanical 

performance which has received significant less attention [87][88]. Generally, process 

induced residual stresses in composites materials cannot be avoided. However in 

particular scenarios involving the type of fibre architecture and curing cycle employed 

they can be substantially mitigated or even eliminated as will be demonstrated in this 

work.  

 In order to understand the residual stresses formation at a micro level is 

therefore necessary to understand the mechanisms involved in all stages of the curing 

cycle of the composite material. A curing cycle may consist of a single step at a curing 

temperature near or higher than the thermoset matrix maximum glass transition 

temperature with enough dwelling time to assure a full cure. In some cases an 

intermediate step at lower temperature is employed to reduce the heat generated by the 

resin exothermic reaction which otherwise could result in temperature gradients causing 

non-uniform curing or even material degradation. The last step at higher temperature 

with a suitable dwelling time would then assure a full cure of the composite, 

guaranteeing that the maximum mechanical properties are achieved. Thereafter, the 

temperature of the composite material is brought to room temperature, typically at a 

controlled cooling-down rate [89].  

 Throughout composite processing, the thermoset matrix goes under major 

chemical and physical changes while reinforcements such as glass fibres remain 

comparatively unchanged. Hence, volumetric change which ultimately results in 

mismatch of free strains and consequentially contributes to the build-up of residual 

stresses largely originates in the matrix part. Figure 4-1 shows a graphic representation 

of the volume changes occurring due to chemical shrinkage and thermal 

expansion/contraction of a thermoset matrix during cure where a single step is 

considered as an example. 
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Figure 4-1: Change in volume and degree of cure with temperature for a thermoset matrix 
during a single step curing cycle. Adapted from [90] and [91] . 

  

The following stages can be observed:  

Stage a-b: At point a the thermoset is uncured (𝛼𝛼 = 0), at the initial reference 

temperature (𝑇𝑇0) and corresponding initial volume (𝐼𝐼𝑖𝑖).With rising temperature to the 

isothermal curing temperature (𝑇𝑇𝑐𝑐), the volume increases due to thermal expansion of 

the thermoset (until point b). During this period, the degree of cure also increases as 

crosslinking bonds are being formed resulting in increased density and reduction of the 

free volume. These are two competing effects and while thermal expansion is mostly 

dominant throughout this stage, at some point before reaching 𝑇𝑇𝑐𝑐, the curing shrinkage 

could overcome the thermal expansion (exemplified by the dash line).  

Stage b-d: During this stage there is no temperature variation and the reduction 

in volume is solely due to chemical shrinkage resulting from the crosslinking reaction. 

The volume will continue to decrease to point d until the reaction is depleted (𝛼𝛼 = 1). 

The shrinkage due to chemical crosslinking is a function of degree of cure, irrespective 

of time and temperature [90] 
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Stage a-c: Between these points the thermoset is a low viscous fluid. Although 

the stiffness is increasing as cure progresses, the thermoset has not built enough 

stiffness that, in the presence of fibres, would result in stress transfer and development 

of residual stresses. However, at point c the thermoset reaches its gelation state where 

the resin has already the required mechanical strength to transfer stresses to the fibres 

and all the volume changes that occurs after this point contribute to the development of 

residual stresses in the composite. In that perspective, it would be desirable that most of 

the polymeric matrix volume shrinkage occurred before the gel point [92]. 

Stage d-f: In the final step of the curing cycle (cooling down), the volume of the 

thermoset decreases due to thermal contraction. Considering the current scenario where 

the curing temperature is above the thermoset maximum glass transition temperature, 

upon cooling there is a change in slope marked by point e denoting the transition from 

rubbery to glassy state with the correspondent temperature of this inflection point being 

the glass transition temperature (𝑇𝑇𝑔𝑔). The coefficients of thermal expansion above and 

below 𝑇𝑇𝑔𝑔 are rather different and this is reflected by a change in slope of the volume 

contraction with decreasing temperature.   

In polymer composites, additional stresses reside in the composite due to the 

mismatch of coefficients of thermal expansion of the resin and the fibers. The 

coefficient of thermal expansion of the polymeric matrix is significantly higher than of 

the fiber reinforcement, leading to the development of thermal residual stresses [93]. 

The total shrinkage due to crosslinking and thermal contraction cause compressive 

stresses on the fiber along the longitudinal axis and radial direction with the matrix 

remaining in a tensile stress state. The schematic representation of the residual stresses 

developed in the fiber and matrix are represented in Figure 4-2.  

 

 

Figure 4-2: Residual compressive stress in the fiber along the longitudinal axis as well as in the 
radial direction, and a residual tensile stress in the matrix in the longitudinal and radial 

direction. Retrieved from [93]. 
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4.3 Residual stresses measuring methods 

 It is of great importance to assess residual stresses in composites in order to be 

able to predict its failure mode and minimize it. Measurement of specific residual 

stresses is however a challenging task. Residual stresses can be assessed by several 

experimental techniques [94] during and after the manufacturing process being the latest 

generally classified in destructive and non-destructive. Destructive testing typically 

involves the removal or destruction of a part of the material and include for example 

layer removal [95], ply sectioning, first ply failure [13][88], hole drilling  and ring core 

and indentation, among others [96]. Non-destructive include for example warpage 

measurement, Raman spectroscopy, photo-elasticity and electric resistance methods. 

Measuring residual stresses during the manufacturing of composites materials has 

received increased attention in recent years and the most popular techniques include 

embedment of strain gauges and fibre optic sensors [92][97][98][99][100][101]. 

 

Optical Fibre Bragg Grating  

 

The use of optical fibre grating sensors as a tool for strain or temperature 

measurements in materials is quite appealing due to their aptitude to be inserted in 

complex structures providing important information regarding local mechanical 

deformations or temperature variations. Since the sensor is composed basically of a 

single glass fibre, the embedment in FRPC host materials is very convenient in a sense 

that is a relative non-intrusive method of measurement. 

An illustration of a FBG sensor is shown in Figure 4-3. An incident broadband 

spectrum light is guided through the core of an optical fiber. The optical fiber has a core 

region characterized by an increased refractive index which is usually obtained by 

doping the glass material with phosphorus pentoxide, germania and alumina [102]. The 

core is surrounded by a translucent coating material (cladding) of inferior refractive 

index to ensure the light is kept in the core, guaranteeing the light is directed along the 

entire optical fiber’s length.  
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Figure 4-3: Schematic representation of a Fibre Bragg grating sensor. Retrieved from [103].   

 The incident broadband spectrum light reflects a particular wavelength, caused 

by the periodic modulation of the refractive index at the grating, which satisfies the 

Bragg’s condition given by:  

𝜆𝜆𝐵𝐵 = 2𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒Λ (4-1) 
 

 Where 𝜆𝜆𝐵𝐵 is the Bragg’s wavelength, 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒 the effective refractive index of the 

grating and Λ is the grating periodic spacing [104]. The grating periodic spacing and the 

effective refractive index are affected by thermal and strain changes, leading to a shift in 

the reflected wavelength (𝜆𝜆) as exemplified in Figure 4-4.  

 

Figure 4-4: Fibre Bragg grating response to strain and temperature variation [103]. 
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The wavelength shift is determined by differentiating the Bragg’s wavelength 

equation (4-1) as a function of temperature 𝑇𝑇 and strain 𝜀𝜀 [105], leading to the equation:  

 

𝛥𝛥𝜆𝜆𝑏𝑏

𝜆𝜆𝑏𝑏0
= (1 − 𝑃𝑃𝑒𝑒)∆𝜀𝜀 + (𝜉𝜉 + 𝐶𝐶𝑇𝑇𝐸𝐸𝑒𝑒)𝛥𝛥𝑇𝑇 

 
(4-2) 

Where 𝛥𝛥𝜆𝜆𝑏𝑏 is the wavelength difference, 𝑃𝑃𝑒𝑒 is the effective photo-elastic 

coefficient or strain-optic coefficient, 𝜉𝜉 the thermo-optic constant and 𝐶𝐶𝑇𝑇𝐸𝐸𝑒𝑒 the 

coefficient of thermal expansion of the optical fibre. According to Equation (4-2), the 

measured wavelength shift can be converted to temperature or strain, provided that one 

of these variables is either known or does not vary throughout the course of the 

measurement.  

 In the processing of FRPC, FBG strain sensors can be embedded and used to 

monitor in-situ the curing shrinkage of the composite in different orientations. However 

the measurement itself does not yield a direct quantification of the processing resultant 

residual stresses. Instead, the curing induced strain is measured which can be used to 

estimate the residual strains and stresses in the composite. Moreover, considering a 

comparative analysis where composites are manufactured by varying the processing 

parameters, the measured curing induced strains can give an indication of the relative 

magnitude of the build-up of residual stresses. In that sense, FBG strains sensors are a 

helpful and convenient tool when investigating the variation effect of processing 

parameters in the formation of residual stresses in FRPC.   

4.4 Mitigation of residual stresses by processing 

parameters optimization 

 The residual stresses in fiber reinforced thermosets at a micro level are governed 

by the volume shrinkage of the resin during the curing stage and the differences in the 

coefficients of thermal expansion of the different components (matrix and fibers) during 

the cooling-down stage. Understanding and controlling the built up of residual stresses 

during the curing cycle would lead to the production of composite materials with 

improved mechanical performance. Several studies have been carried out to understand 

and determine the residual  stresses in fiber reinforced composites during the curing 
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cycle and several models have been proposed to predict them [106]. As a result, 

optimized curing cycles, with the objective to reduce the internal stresses during the 

curing stage, have been proposed. In the early works, scientists used to model just the 

cooling stage of the entire cure cycle [107][108][109] and since then predictive models 

have increased in complexity and accuracy and are able to model the entire cycle of 

cure, taking into consideration several parameters such as elastic and/or viscoelastic 

properties of the materials, temperature, pressure and tool geometry [110]. Some of the 

research during the last decades concerning the optimization of parameters during the 

curing cycle of thermoset composite materials (both experimental and analytical) to 

reduce the residual stresses will be reviewed. These will include composites fabricated 

by batch processes such as autoclave and resin transfer molding (RTM). 

 In a preliminary work by White et al. [87], in 1990,  the mechanical properties 

and residual stresses development during the cure of graphite/BMI composite were 

investigated. It was observed that thermal strains during the cool down were dominant 

in the development of residual stresses and the contribution of the chemical shrinkage 

was neglected. A comprehensive study was carried out by the same authors and 

published in 1992 [111], who modelled the cure process in thermoset polymer 

composites considering viscoelastic material response, cure and time dependent material 

properties and chemical and thermal deformations. Experimental validation of the 

model, using graphite/BMI composites, was presented in a complementary paper [112]. 

It was observed an increase in longitudinal and transverse mechanical properties during 

the curing process attributed to the increase in matrix stiffness and the development of 

fiber/matrix bonding. The thermal strains were relatively constant during cure and the 

contribution of the chemical shrinkage to the residual stresses was less than 4%. Further 

parametric studies were conducted using this model and the resultant optimum schemes 

for the reduction of residual stresses were discussed in a further work, in 1993 [13]. In 

this paper, the authors investigated the effect of different parameters on the residual 

stresses of graphite/BMI laminates, such as dwell temperature and duration, cool-down 

rate and pressure and post-cure in order to control and reduce the processing induced 

residual stresses. The authors concluded that curing at lower temperature for extended 

times or using an intermediate low-temperature dwell in a 3 step cure cycle could 

reduce the residual stresses by 25-30%. However, if the degrees of cure were less than 

0.95, a decrease on the mechanical properties was observed (in non-post-cured parts). In 

addition, it was observed that slower cool-down rates improve the stress relaxation 
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effects during cooling and increased cool-down pressure had no impact on the residual 

stresses.  Pitchumani et al. [113] in 1997, have presented time optimized cure cycles 

using a nonlinear programming scheme of sequential quadratic programming 

optimization technique. A four stage temperature and a three stage pressure cycles were 

modelled. A set of constraints such as a maximum temperature in the cure temperature 

cycle, a maximum temperature difference and gradient and a minimum degree of cure 

were used to determine the optimized cure cycles. In 1997, Olivier et al. [114], 

presented a procedure as a three dimensional diagram that allowed the determination of 

optimum conditions to minimize the residual stresses during the curing of epoxy based 

composite laminates in an autoclave, maintaining their maximum mechanical 

properties. The optimization of the cure was based on cure-kinetics studies and a 

thermomechanical model and the parameters the curing dwell time and temperature. A 

minimum degree of cure of 0.9 was required for the composite laminates and the cure 

cycle time was limited to a maximum duration time (for economic reasons). The 

optimization procedure was experimentally validated. Madhukar et al. [14] [115], in 

2000, presented a novel experimental method to monitor the fiber stresses during the 

curing stage in single fibre model composites and demonstrated the possibility to 

minimize cured induced stresses by modifying the curing cycles. By means of a trial 

and error approach the authors have suggested cure cycles that resulted in minimum 

residual stresses (when compared with standard cycles), maintaining the mechanical 

properties (by completing the cure of the resin) and duration of the curing cycle. 

Different parameters were used such as heating rates, first dwell temperature, number 

and duration of dwells. In a complementary paper [116], the authors have designed 

different curing cycles to evaluate their effect on specific volume changes and their 

impact on cure shrinkage. Gopal et al. [117], in 2000, investigated the effect of the 

temperature gradient on the development of residual stresses during the curing and 

developed an optimised cure cycle with a residual stress reduction of more than 30% 

and improved cycle time (about 20%) when compared to the recommended 

manufacturers cycles. The model input parameters used by the authors was based on 

White and Hahn [112] studies. In 2002, Crasto et al. [92] have embedded strain gauges 

to monitor the development of residual strains during curing of composites in an 

autoclave. The authors have proposed modifications to the standard curing cycle to 

reduce the residual stresses during the curing process. Pantelelis in 2002,[118] reported 

the design of optimal cure cycles for composite materials manufactured by resin transfer 
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moulding combining a computer simulation tool and three alternative numerical 

optimization algorithms. Ruiz et al. [119], 2006, proposed a multi-criteria optimization 

algorithm based on evolutionary algorithms to minimize the curing cycle time and 

residuals stresses and maximize the degree of cure during liquid compounding 

moulding of composites. Other optimization requirements included minimum 

exothermic peak temperatures, constant degree of cure through the thickness of the 

composite and minimum cooling stresses. Different optimization strategies were tested 

for thick glass/polyester composite parts and optimized temperature profiles were 

obtained. Li et al. in 2014 [88] investigated the effect of two cure cycles on the 

formation of residual stresses and their effect on the tensile strength of the matrix of a 

AS4/8552 cross-ply laminate. In comparison with a one-hold cycle, the two-hold cycle 

has resulted in a decrease of 0.2% in free strains (residual stresses) within the cross ply 

laminates and an increase in the strain to failure of the matrix material of about 0.1%. 

The theoretical predictions were validated experimentally. 

In 2017, Shah et al. [15] determined optimal cure cycles for asymmetric cross-

ply laminates (in an autoclave), in a minimum period of time, guaranteeing a degree of 

cure of at least 0.96, and without affecting the transverse elastic modulus of the 

laminate. For the simulation of the curing process, the authors used functionalities built 

in the software ABAQUS, the cure process software COMPRO and Matlab for the 

generic algorithm, and compared it with numerical and experimental results from the 

literature. Among the cycles analysed, one yielded a reduction in residual stress by 47% 

and a reduction of one hour of the total cure cycle of a thick laminate. For a thin 

laminate, a 13% reduction on the cure-induced curvature was observed but the cure 

cycle time was extended more than 2 hours.  

 Even though several studies in the literature were focused on different 

approaches to minimize, control and predict the build-up of residual stresses in FRPC 

materials, most of the published work did not emphasize the importance of the 

temperature at which matrix and reinforcement bond together –noted here as gelation 

temperature – and how it controls the magnitude of residual stresses. Therefore in this 

study, the impact of gelation temperature on the development of process induced 

residual stresses and consequently on the mechanical properties of FRPCs will be 

further investigated. 
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PART II: EXPERIMENTAL WORK 
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5 Materials and Methods 

In this chapter a brief description of the materials used in this work to 

manufacture the composite materials is presented. Both matrix and fibre reinforcements 

have suitable characteristics for the production of composite materials for the wind 

turbine blade industry. The experimental setups and procedures used to investigate the 

curing cycle effects on the development of process induced residual stresses are also 

presented including: 

• A neat resin setup used to characterize some of the resin curing 

characteristics (chapter 6.5 and 6.6) and to investigate the effect of 

different curing cycles on curing strains (chapter 8) is described.  

• The manufacturing procedure and measurements setup for composite 

plates to be mechanically tested after being subjected to the same curing 

cycles are also presented in detail. Results from curing strains 

measurements in composites materials will be presented and discussed in 

chapter 9 and the respective mechanical properties assessment will be 

made in chapter 12 and 13.   

5.1 Matrix  

For the matrix, a commercial epoxy resin supplied by Huntsman was used. The 

thermosetting resin is a two part system composed by Araldite LY 1568 – a diglycidyl 

ether of bisphenol A, as the resin part, and Aradur 3489 CH - an amine - as the curing 

agent. The resin system has low viscosity and long pot life making it suitable for 

production of large industrial parts such as wind turbine blades. 

 

5.2 Reinforcement 

As reinforcement, a non-crimp unidirectional glass fibre fabric was supplied by 

Owens Corning. As displayed in Figure 5-1, the fabric is composed by 0⁰ fibre bundles 

with an area weight of 1322g/m2 and transverse backing fibre bundles having an +/-80⁰ 
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orientation with area weight of 30g/m2 in each direction. These layers are stitched 

together with a polymeric stitching yarn of 15g/m2. 

 

Figure 5-1: Non-crimp unidirectional glass fibre fabric.  

5.3 Sensors and Instrumentation 

Strain measurements 

Strain measurements were carried out by FBG using a single sensor grating of 

5mm length. The optical fibre was cut at least 50mm after the grating to ensure shear-

lag effects are avoided due to a short distance between grating and fibre end as reported 

on a previous study [120]. The interrogator used was an Industrial Bragmeter FS2200 

static 8 channels with sampling rate capability of 1Hz and 1με sensor resolution. Strain 

sensors, the interrogator and the recording data software BraggMonitor were supplied 

by Fibersensing – HBM.  

 

Dielectric measurements 

Dielectric measurements were carried using a DEA 288 Epsilon – 8 channels 

industrial version - supplied by NETZSCH. The dielectric sensor IDEX 115μm 

interdigitated electrode sensor with a line spacing of 115 μm was supplied by the same 

company. Data is acquired by Proteus software from NETZSCH.  
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Temperature measurements 

 Thermocouples of type K were prepared and used for temperature measurements 

of the various samples and oven air temperature. Data was collected by the dielectric 

equipment above specified. The sample temperature recorded allowed to follow its 

variation during processing and later was used to calculate the required compensations 

for the thermal effects on the optical fibre and dielectric signal. 

 

5.4 Neat resin measurements experimental setup 

Figure 5-2 shows a schematic representation of the experimental setup for neat 

resin curing measurements. In order to measure the strains induced by the curing of the 

epoxy resin an experimental setup consisting of a single FBG sensor, a thermo-couple 

type K and DEA sensor were encapsulated in a 250 x 100mm polymeric bag. The bag 

was then compressed between two 10mm thick glass plates with the aid of 4mm thick 

plate spacers to maintain uniform thickness and clamps to lock in the glass plates. 

Rubber sealant tape was used to attach and keep the sensors in place inside the bag and 

at the same time, to provide a uniform thickness of approximately 4mm throughout the 

bag between the glass plates. The encapsulating bag was 50 microns thick and made of 

nylon material, the same typically used as bagging film in the vacuum infusion 

technique on composite manufacturing and suitable for enduring relative high 

temperatures. Special care was taken to keep all sensors in the middle position of the 

bag (at 2mm considering the through thickness) and well separated from each other to 

avoid any possible interference between them during measurements. Likewise, the 

rubber tape spacers were strategically positioned to avoid interference with the sensors 

without losing the ability to properly secure them. Areas of the glass plates which 

become in contact with the bag were, prior to clamping, treated with silicon oil to act as 

a lubricant and reduce friction between bag and glass plates. After mixing the epoxy and 

hardener, the resin was poured into the bag through the top aperture until it was 

completely filled. Special care was taken to avoid any air bubbles entrapped, especially 

around the sensors which could then potentiate erroneous measurements. The setup was 

placed inside an oven where temperature and time programs for the curing cycle have 

been pre-defined. Sensors were connected to their respective equipment through the 

oven inlets and data was recorded as the designated oven temperature program for the 
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respective sample. A thermocouple was placed inside the oven in the vicinity of the 

experimental setup in order to record the surrounding air temperature.  At the end of 

each temperature program, the clamps and glass plates were removed from the sample 

while measurements were still running. The purpose for this was to verify if the resin 

during the curing experiment was constrained by the glass plates. If so, then a change in 

strain measurements would be observed as the glass plates were removed.  

 

 

Figure 5-2: Diagram depicting the experimental setup for the neat resin measurements. 

 

The overall setup has taken inspiration from Hüther [121] when studying the 

effect of curing temperatures on residual stresses in FRPCs. Hüther used silicon tubes of 

13 to 16mm in diameter to contain the resin in which thermocouples and fibre optical 

strain sensors were separately placed in each tube. He assumed that all samples would 

have the same thermal profile in the cross section and therefore, could correlate 

temperature and strain measurements. Despite a fair assumption, the placement of the 

sensors was not always the same. As Hüther reported, in some cases the sensors were 

not at the center of the sample which could lead to some small errors in the 

measurements. More importantly, samples with thickness superior to 13mm introduce 

challenges controlling the sample temperature. Due to the exothermic nature of the resin 

and its low thermal conductivity, the heat generated is difficult to dissipate promoting 
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an increase of the reaction rate which, in its turn, can generate more heat leading to high 

temperature gradients. This makes the temperature at which the resin gels more difficult 

to control. Moreover, the high temperature gradients also promoted debonding between 

the resin and the fibre during measurements at early stages after gelation, resulting in 

undervalued curing strains in some of the measurements. 

In the proposed setup, developed in partnership with Mortensen who conducted 

similar experiments in is work [120], improving the control over sample inner 

temperature was done by reducing its thickness hence mitigating the exothermic effect 

and allowing the resin to gel at the desired temperature. Moreover, all sensors were 

secured equidistant (thickness wise) in the same sample thus reducing any potential 

errors due to misplacement of the sensors.  

 

5.5 Composite measurements experimental setup 

Two identical plates in thickness and fibre architecture were produced for each 

cure cycle where the main difference was the plate size: A larger plate of 650mm by 

600mm was intended for mechanical testing specimen cut out and a smaller plate of 

300mm by 200mm was solely made for measurements purpose. The reason behind 

making two twin laminate plates was to minimize the risk of leaks during processing. 

As found during preliminary trials, inserting measurement probes can compromise the 

vacuum tightness of the enveloping bag leading to leaks and introducing air bubbles. 

While in the case of processing a plate for data collection only, air bubbles would have 

a reduced impact on quality of measurements. However the same cannot be said for a 

laminate plate produced for mechanical testing as air bubbles could become entrapped 

and turn into voids which would act as defects on the material and compromise the 

overall study of the effect of residual stresses on the mechanical properties. Both plates 

are produced simultaneously, that is, the infusion and heat treatment are conducted on 

both plates at the same time for which it can be assumed that the smaller plate where 

measurements are carried, is representative of the larger plate from where mechanical 

test specimens are extracted. 

Composite lay-up 

Four layers of fabric were symmetrically stacked with two bottom layers having 

the backing layer facing downwards and the top two layers with backing facing 
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upwards. The plate should yield a thickness close to 4mm after being cured. The layup 

was set on a 10mm glass tool where the surface has been pre-treated with a suitable 

release agent. The remaining procedure is the typical one for vacuum infusion of 

composite laminates where: peel-ply is added in the top and bottom of the lay-up, a 

perforated polymeric layer and a distribution media at the top to conduct the resin flow 

and wetting fibres downwards, inlets and outlets tubes and vacuum bag sealed with 

sealant tape in untreated areas of the glass plate. The setup for the smaller and larger 

plates was placed inside the oven where the infusion process is carried followed by the 

heat treatment according to the designated curing cycle. Figure 5-3 depicts the overall 

setup after being vacuum tight tested and before procedures for infusion of the resin and 

heat treatment. 

 

Figure 5-3: Epoxy glass fiber laminates placed in oven: Top plate for mechanical test specimens 
and bottom plate containing embedded sensors. 

Probes setup and measurements 

As mentioned above, probes to measure the processing variables were placed on 

a smaller version of the laminate plate. Temperature, degree of cure and strain 

measurements on the longitudinal and transverse to the main fibres direction were taken 

throughout the composite processing. Figure 5-4 shows the different probes positioning 

on the fiberglass fabric at the middle of the laminate considering the through thickness.   
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Figure 5-4: Positioning of thermocouples, dielectric and optical strain sensors (longitudinal and 

transverse to fiber direction) on the fiberglass fabric during layup.  

In some of the samples more than one sensor of the same type was used, not only 

as precaution due to potential failure of the sensor, but also to confirm the quality of the 

data obtained. All measurements were started after the infusion process was completed 

and temperature in the oven stable at about 25℃. Measurements were terminated after 

processing was finished and the composite sample demoulded. 



 

58 6 Measurements of curing characteristics of resin 

6 Measurements of curing characteristics of resin 

Throughout processing of FRPCs, unlike the glass fibres reinforcement, it is the 

thermoset resin which experiences major chemical and physical changes. Therefore, in 

this chapter, the reported characterization work is focused mainly on the epoxy resin. 

Differential Scanning Calorimetry (DSC) technique was used to characterize the 

thermoset resin curing reaction by submitting samples to distinct temperature programs. 

Isothermal DSC measurements were used to model the resin curing behaviour and the 

cure dependence of the glass transition temperature (𝑇𝑇𝑔𝑔). A phenomelogical curing 

model that accounts for chemical and diffusion control kinetics was constructed based 

on results analysis and fitted to the experimental data by means of non-linear regression. 

Kinetic parameters such as activation energy (Ea) and pre-exponential factor (A) were 

pre-determined using isoconversional methodology, reducing the number of variables to 

be determined on the fitting procedure. The temperature at the critical degree of cure, 

when the reaction shifts from chemical to diffusion control, was estimated from the 

glass transition temperature model. Generated data from the DSC dynamic scans, 

besides giving information about the total heat of reaction and maximum 𝑇𝑇𝑔𝑔, was used 

to validate the curing kinetic model obtained through the isothermal data set. 

In section 6.5 of this chapter, characterization of the resin dielectric properties is 

conducted and the methodology to decouple the temperature effect and determine the 

degree of cure through this technique is presented. Comparison to the prediction given 

by the curing kinetic model obtained from calorimetric data is discussed. 

In section 6.6, Optical Fiber Bragg Grating (FBG) sensors were used as strain 

gauges to quantity the shrinkage of the resin due to curing and estimate the resin 

coefficient of thermal expansion. The procedure to convert optical shift raw data to 

strain while compensating for the temperature effect in the resin pre-gel and post-gel 

stages is presented. The optical strain sensor only measures the cure induced shrinkage 

once the resin build enough stiffness to deform the sensor, at the denominated resin gel 

point. This event can be correlated to the dielectric analysis data in order to determine 

the degree of cure at which the resin gels.  The chemical and thermal contributions to 

the overall shrinkage can be separated by curing the material above its maximum 

attainable 𝑇𝑇𝑔𝑔. The shrinkage obtained through this method is also compared to the linear 
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shrinkage estimated from density measurements of uncured and fully cured resin 

presented in section 6.4.  

Dielectric analysis and optical FBG strain sensors are utilized in Chapters 8 and 

9 to monitor in-situ the cure state and curing induced strains of neat resin and composite 

samples respectively when investigating the effect of different curing cycles. Thus, in 

the respective subsections of this chapter, the procedures for the data treatment are also 

demonstrated. Figure 6-1 offers an overall view of the characterization work presented 

in this chapter and the chain of relations between tasks presented in the each section.   

 

 

  

Figure 6-1: Material characterization flow chart diagram. Each coloured group boxes designates 
a technique or method related tasks: DSC (blue); DEA (green); FBG (red) and density (orange). 

Blank boxes correspond to relevant discussion points between techniques.  
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6.1 Thermal analysis by DSC 

6.1.1 Methods 
Sample preparation 

The epoxy resin and curing agent were handled and stored at room temperature. 

The two components were mixed at a ratio of 100:28 parts by weight in a 100 mL 

beaker and stirred for 2-3 minutes until a complete homogenization of the solution was 

observed. A small sample of 12 mg was extracted with a volume adjustable pipette and 

poured into an aluminum crucible concave pan previously placed on high sensitivity 

scale where the crucible and sample mass was noted. The crucible pan was then closed 

with a punctured lid by cold welding using a sealing press. 

DSC dynamic scans 

The curing reaction of the epoxy resin was investigated by means of DSC using 

a Netzsch DSC 214 Polyma heat flux type with a temperature range capacity between -

50℃ and 600℃ and heating rates up to 500K/min. Dynamic scans were performed to 

capture the full extent of the curing estimating the total heat of reaction and the 

maximum glass transition temperature. Four dynamic scans were conducted on epoxy 

samples at 2, 5, 8 and 10 K/min on a temperature range from 0℃ to 250℃ followed by a 

cool down step to 0℃ and then rescanned at 5K/min to determine the maximum glass 

transition temperature. It is common practice to use thermogravimetric analysis (TGA) 

to define the maximum temperature range for the DSC curing measurements in order to 

define a limit after which the material starts to degrade [79]. In the present study, where 

TGA was not available, after a few DSC measurements where the maximum 

temperature was varied, it was noticed that on the second dynamic scan the maximum 

𝑇𝑇𝑔𝑔 would decrease for temperatures above 250℃. Since 𝑇𝑇𝑔𝑔  can be acknowledged as a 

measure of the crosslinking density, the decrease suggests that covalent bonds are being 

broken, indicating the onset of degradation. Therefore, in the present study, the 

maximum temperature for the dynamic DSC scans was set to 250℃. The temperature 

program for the dynamic scan is exemplified in Figure 6-2. 
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Figure 6-2: DSC dynamic scans: temperature vs time program – example for the 5K/min scan. 

 

DSC Isothermal scans 

Isothermal scans, at constant temperature, were performed at 40℃, 60℃, 80℃ 

and 100℃ over a period of time until the reaction ceased. Isothermal measurements are 

more challenging compared to dynamics because it involves a heating step to the 

desired constant temperature. If the heating rate is relatively low, reaction may occur 

during this step which would be outside the isothermal frame of the measurement losing 

valuable kinetic data. On the other hand, if the heating rate is relatively high, there is a 

risk of temperature overshooting leading to an increase of signal stabilization time, 

which would overlap and affect the kinetic data. After a number of pre-trial 

measurements varying the heating rate of the initial ramp segment and at the same time 

by adjusting some of the control parameters from the DSC furnace, it was found that a 

heating rate of 100K/min was the best possible compromise. The temperature program 

for isothermal measurements is exemplified on Figure 6-3 for the measurement at 80℃. 

Consisting of the above discussed fast heating ramp to a plateau where the temperature 

remains constant until the reaction rate is neglectable. This was followed by a cooling 

step at 5K/min until -40℃ where it was kept constant for 5 minutes for the material to 

reach thermal stabilization. The next segment involved a heating step under temperature 

modulation with amplitude of 0.8K and 60s period with underlying heating rate of 

5K/min. 
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Figure 6-3: Example of a DSC scan for an isothermal temperature programme with dynamic 
modulated temperature step. 

6.1.2 Results and discussion 
 

DSC dynamic scans of heat flow plotted over time and temperature for samples 

scanned at different linear heating rates are presented in Figure 6-4 and Figure 6-5 

respectively. An exothermic peak is common to all curves, indicating the heat release by 

the curing reaction. The well-defined single peak without any apparent shoulders 

suggests a single reaction mechanism, although the presence of more than one parallel 

reaction cannot be excluded as the DSC scan is not able to distinguish the contributions 

from separate reaction mechanisms when overlapping. The point where the heat flow 

curve peaks is identified as the maximum heat flow rate released by the sample and can 

be assumed to correspond to the maximum curing rate of the epoxy. The heating rate 

variation has two noticeable effects on the measured heat flow curve. The first 

corresponds to the peak intensity which is further prominent and narrower for higher 

heating rates. The more heat applied in a shorter time period increases the reaction rate 

leading to the generation of more heat by the material which consequently results in 

higher reaction rates – a sharper peak in the heat flow curve. Increased heating rates also 

results in reduced times to reach a maximum reaction rate and complete cure as Figure 

6-4 demonstrates. The second, a shift of the heat flow peak to higher temperatures is 

observed (Figure 6-5) for increasing heating rates. At lower heating rates enough time is 
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provided for the chemical reaction to develop resulting in a maximum reaction rate at 

lower temperature. As the heating rates increase, less time is given for the reaction to 

occur causing a shift of the maximum reaction rate to higher temperatures.  

 

Figure 6-4: DSC dynamic scans of heat flow as function of time at constant heating rates of 2, 5, 
8 and 10K/min. 

 

Figure 6-5: DSC dynamic scans of heat flow as function of temperature at constant heating rates 
of 2, 5, 8 and 10K/min. 
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The total heat generated by the curing reaction (i.e. the enthalpy of reaction) can 

be estimated by integrating the area under the curve by establishing a baseline from the 

onset time – when the DSC heat flow deviates from a constant response over time – to 

the offset time of curing reaction – when the heat flow response becomes constant 

again. The total heat of reaction (𝐻𝐻𝑇𝑇) from onset time (𝑡𝑡0) to offset time (𝑡𝑡𝑒𝑒) can be 

expressed as: 

𝐻𝐻𝑇𝑇 = �
𝑑𝑑𝐻𝐻
𝑑𝑑𝑡𝑡

𝑑𝑑𝑡𝑡
𝑡𝑡𝑓𝑓

𝑡𝑡0

 (6-1) 

Where 𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

 is the heat flow measured by the DSC over time.  The degree of cure (𝛼𝛼) at 

any given time 𝑡𝑡𝑖𝑖 can be calculated as:  
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 (6-2) 

This is exemplified in Figure 6-6 for a DSC dynamic scan of the sample at 

2k/min. The total heat of reaction for the dynamic measurements with the different 

heating rates yields an average value of 450 J/g. Estimations of total heat of reaction for 

each measurement are summarized in Table 6-1 showing that there is no dependency 

from the heating rate used. This indicates that for the range of heating rates used in the 

measurements, there are no additional reaction mechanisms that are activated by 

reaching higher temperatures in reduced time. 

 

Figure 6-6: DSC scan: Total heat of reaction estimation with defined baseline and integral curve 
for the conversion state (%), exemplified with a sample at a heating rate of 2K/min. 
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Plots of the second dynamic scan for each sample are represented on Figure 6-7 

where for all samples a transition step corresponding to the glass transition temperature 

of the material is clearly visible. The transition step is due to a sudden increase in the 

heat capacity of the material as it changes from glassy to rubbery state as temperature 

increases. A summary of the 𝑇𝑇𝑔𝑔 measured for each sample is represented on Table 6-1.  

 

Figure 6-7: DSC scan: 2nd dynamic scan at 5K/min on samples  

Table 6-1: Summary of results from DSC dynamic scans: Heat of reaction, Glass transition – 

onset, middle and offset – and heat capacity variation on the transition step. 

Sample 
(Heating Rate) 

1st Scan 
Dynamic 

2nd Scan 
Dynamic: 5K/min 

Total Heat of 
reaction   

(J/g) 

Tg Onset   
(℃) 

Tg Middle 
 (℃) 

Tg Offset  
(℃) 

ΔCp 

  (J/K) 

2 K/min 453 76 83 89 0.30 
5 K/min 452 75 82.5 88 0.31 
8 K/min 450 75 82.5 88 0.32 

10 K/min 446 75 82 87 0.29 
Average 450 75 82.5 88 0.30 

 

Isothermal measurements for the segment where the temperature is held constant 

are represented on Figure 6-8. The plots for the different isothermals, show that 

increasing the curing temperature results in higher and narrower exothermic peaks, 

meaning that higher curing temperatures increases the reaction rates and consequently 
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reduces the curing time. Depending on the cure temperature, the reaction may not be 

completed even if long dwelling times are allowed. As the crosslinking reaction 

progresses there is an increase of the glass transition temperature which once reaching 

the curing temperature the material starts to vitrify, changing from rubbery to glassy 

state. Because the polymeric chains become less mobile, the reaction rate decreases 

considerably at this point switching from a chemical to diffusion control kinetics 

reaction. For all samples cured at different isothermal temperatures, the heat flow curve 

shows a single well defined peak which could indicate that no further reaction 

mechanism is present. This is in agreement with the analysis made on DSC results for 

the dynamic scans.  

 

Figure 6-8: Isothermal measurements of epoxy samples at different temperatures. 

 

The results for the dynamic segment after the isothermal step are shown in 

Figure 6-9 where samples were scanned at 5K/min under temperature modulation using 

the same parameters of amplitude and period for the dynamic scans.  
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Figure 6-9: Dynamic scan at 5K/min under modulated temperature after isothermal segment 
showing the reversing and non-reversing curves. Residual heat and 𝑇𝑇𝑔𝑔 determined for 

Isothermal measurement at 40℃ as example. 

The glass transition temperature can be detected from the well-defined step 

change in the heat flow of the reversing curve due to heat capacity increase of the 

material. From the non-reversing heat flow curves, exothermic peaks corresponding to 

the residual heat of reaction are observed. The heats of reaction for the first and second 

segment of the isothermal analysis on the epoxy resin samples are summarized in Table 

6-2 including the measured glass transition temperature for the partially cured samples 

and the respective step increase in heat capacity.  

Table 6-2: Summary of results from DSC isothermal scans: Heat of reaction, Residual heat of 

reaction, Degree of cure, Glass transition – onset, middle and offset – and heat capacity 

variation on the transition step.  

Sample 
(Iso 

Temperature) 

1
st
 Scan 

Isothermal 
2

nd
 Scan 

Dynamic: 5K/min 
Heat of 
reaction 

(J/g) 

Residual Heat 
of reaction 

(J/g) 
DoC 

T
g
 Onset 
(℃) 

T
g 
Middle 
(℃) 

T
g 
Offset 
(℃) 

ΔC
p
 

(J/K) 

40 ℃ 270 80 0.82 31 39 46 0.29 
 60 ℃ 395 25 0.94 62 67 72 0.26 
80 ℃ 430 19 0.96 67 78 83 0.24 

100 ℃ 437 9 0.98 74 82 86 0.21 
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As would be expected, the residual heat decreases with higher isothermal curing 

temperatures while the glass transition detected for each sample increases for samples 

where the isothermal curing temperature is higher. Results show that the measured glass 

transition temperatures are similar to the isothermal curing temperatures applied, 

indicating that vitrification sets in as the material changes from rubber to glassy state 

causing a substantial decrease of the reaction rate. The degree of cure for each sample 

was estimated from the ratio of the respective residual heat of reaction acquired on the 

2nd scan over the total heat of reaction, rather than in the first isothermal scan. As 

discussed before, dynamic scans are more practical for capturing kinetic information 

than isothermal scans. In fact, the sum of the heat of reaction measured on the first and 

second scan should theoretically yield a similar amount of total heat measured from 

dynamic scans. This is not verified particularly for the 60°C and 40°C isothermal scans. 

These differences can not only be explained by the challenges posed by isothermal 

measurements already mentioned, but also by a decrease in sensitivity of the equipment 

when detecting heat at lower isothermal temperatures. In addition, isothermal and 

dynamic scans are very different thermal profiles with the later accentuating the 

autocatalytic nature of the resin since a constant increasing temperature amplifies the 

exothermic effect of the reaction which is better captured by the DSC. Therefore, it 

makes sense to estimate the degree of cure from the partially cured samples from the 

residual heat on the second scan as these should be more reliable.   

 

6.2 Cure kinetics modelling 

The isothermal DSC scans were used to model the curing behavior of the epoxy 

resin as function of time and temperature. From the heat flow provided by the 

isothermal data, an analytical curing kinetic model was fitted to the experimental data 

points using a multivariable least squares regression. The parameters of activation 

energy (𝐸𝐸𝑎𝑎) and pre-exponential factor (𝐴𝐴) from the temperature dependent Arhenius 

expression were estimated using the iso-conversional methodology, specifically the 

Friedman differential method. The determination of these parameters reduces the 

number of variables to be determined by the multivariable least squares regression in 

the first iterations of the model fitting. A kinetic model was chosen which accounts for 

the chemical and the diffusion control kinetics as some of the processing curing cycles 
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require long dwelling periods where vitrification of the material is unavoidable. The 

model and kinetic parameters are then validated against the dynamic DSC scans to 

evaluate the fitting of the model. The glass transition and degree of cure relationship is 

modeled by applying the DiBenedetto equation (3-1) to the experimental DSC data 

obtained from the partially cured epoxy samples reported in the previous section. 

 

6.2.1 Baseline 
Establishing an appropriate baseline is essential for correct calculations of heat of 

reaction and cure rate as these have an effect on the determination of the curing kinetic 

model and the fitting parameters. While for dynamic scans the baseline was determined 

as a straight line between the easily identifiable onset and offset of the exothermic peak 

(as exemplified in Figure 6-6), the baseline for the isothermal scans was determined by 

drawing a horizontal straight line from the point where the heat flow rate becomes 

negligible to where it meets the same value at the beginning of the curve. However as 

reported in Table 6-2 and ensuing discussion, heat loss occurs at lower isothermal scans 

resulting in underestimated values of heat of reaction. There are a few approaches 

reported in literature to compensate for this heat loss such as the one used by Barton 

[122] where the heat flow rate from a repeated isothermal scan of a fully cured sample 

was used as a baseline. Or by Antonucci et. al. [123] which included the baseline as a 

parameter to be determined into the curing kinetic model. In this work, the approach 

taken by Hubert et. al.[124] was adopted. The baseline is determined and subtracted 

from the isothermal heat flow rate so that the isothermal heat of reaction matches the 

difference between the residual heat measured from the 2nd dynamic scan and the total 

heat of reaction. This can be expressed as:  

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑒𝑒𝑖𝑖𝑡𝑡 = 𝐻𝐻𝑡𝑡𝑖𝑖𝑡𝑡 − 𝐻𝐻𝑟𝑟𝑒𝑒𝑖𝑖 = � (�̇�𝐻 − �̇�𝐻𝑏𝑏𝑎𝑎𝑖𝑖𝑒𝑒𝑏𝑏𝑖𝑖𝑛𝑛𝑒𝑒)

𝑡𝑡𝑓𝑓

𝑡𝑡0

𝑑𝑑𝑡𝑡 (6-3) 

Where 𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖
𝑒𝑒𝑖𝑖𝑡𝑡 is the heat of reaction estimated for the isothermal measurement, 𝐻𝐻𝑡𝑡𝑖𝑖𝑡𝑡 the 

total heat of reaction, 𝐻𝐻𝑟𝑟𝑒𝑒𝑖𝑖 the residual heat from the 2nd dynamic scan and �̇�𝐻 and 

�̇�𝐻𝑏𝑏𝑎𝑎𝑖𝑖𝑒𝑒𝑏𝑏𝑖𝑖𝑛𝑛𝑒𝑒 the measured isothermal heat flow and estimated heat flow baseline for the 

measurement time respectively. 
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6.2.2 Isoconversional methods: determination of Activation energy 
and pre-exponential factor 

 The underlying basic principle of isoconversional methodology states that the 

reaction rate is only dependent on temperature when the extent of conversion is 

maintained constant. Isoconversional methods are commonly named “model free” 

methods as they do not require an assumption of the specific reaction model because if 

𝛼𝛼 is kept constant then 𝑓𝑓(𝛼𝛼) will be constant as well. Therefore, it is possible to relate 

and determine how the activation energy values evolve during the conversion extent. A 

form of the differential iso-conversional principle is the Friedman method [80] which 

can be obtained by applying the iso-conversional principle to the rate equation (𝑑𝑑𝛼𝛼 𝑑𝑑𝑡𝑡⁄ ). 

For the isothermal case the equation takes the form:  

𝑙𝑙𝑛𝑛 �
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

�
𝑑𝑑,𝑖𝑖

= 𝑙𝑙𝑛𝑛  (𝑓𝑓(𝛼𝛼)𝐴𝐴𝑑𝑑) −
𝐸𝐸𝑎𝑎 

𝑅𝑅
 ∙

1
𝑇𝑇𝑑𝑑,𝑖𝑖

 (6-4) 

Where for each conversion state 𝛼𝛼 at a given temperature 𝑖𝑖, the logarithmic conversion 

rate  𝑙𝑙𝑛𝑛(𝑑𝑑𝛼𝛼 𝑑𝑑𝑡𝑡⁄ ) can be linearly related to the reciprocal of temperature (1 𝑇𝑇⁄ ). From the 

slope of the linear relationship, the activation energy 𝐸𝐸𝑎𝑎 is directly proportional and can 

be estimated from the experimental data for each conversion degree. The 

isoconversional lines are plotted in Figure 6-10 for conversion degrees ranging from 0.1 

to 0.9 and calculated at 0.1 steps for the isothermal DSC measurements. 

 

Figure 6-10: Logarithmic of the conversion rate as function of the reciprocal temperature for the 
isothermals of 40℃, 60℃, 80℃ and 100℃ for each conversation degree and the respective 

isoconversional lines from the linear fit. 
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The intercept at T = 0 of the iso-conversional lines relates to the term ln  (𝑓𝑓(𝛼𝛼)𝐴𝐴𝑑𝑑) 

from equation (6-4) and assuming a simple reaction model, the pre-exponential factor 

can be estimated for each conversion extent. A reaction model of the first order 𝑓𝑓(𝛼𝛼) =

(1 − 𝛼𝛼) was used for the calculations of the pre-exponential parameter. Even though it 

may not necessarily correspond to the correct reaction model which describes the 

reaction mechanism of the thermoset curing, the pre-exponential values obtained can be 

used as initial parameters in early iterations of the model fitting parameterization. In 

Figure 6-11 the activation energy and pre-exponential factor in the form 𝑙𝑙𝑛𝑛(𝐴𝐴) are 

plotted as function of the conversion degree while Table 6-3 summarizes the determined 

parameters from the iso-conversional analysis.  

 

Figure 6-11: Activation energy and pre-exponential factor (from 1st order reaction) including the 
associated standard error as function of conversion degree. 

Table 6-3: Summary of the estimated activation energy and pre exponential factor for the 

corresponding conversion values.  

α 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Ea  

(kJ/mol) 
59.68 58.16 56.93 56.08 54.39 52.05 50.62 49.85 60.24 

St. Error 0.79 0.64 0.72 0.95 1.38 1.41 1.72 2.81 10.61 

Ln(A) 

 (1/s) 
12.40 12.03 11.67 11.37 10.71 9.77 9.13 8.69 11.84 

St. Error 0.38 0.45 0.61 0.84 1.18 1.41 1.81 2.60 5.92 
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 With increasing conversion, the activation energy decreases for the conversion 

range between 0.1 and 0.8 and an identical trend can be observed for the pre-

exponential factor – although one must be critical of the pre-exponential values as they 

may not be accurate due to the strong dependence on the reaction model used for their 

estimation. Nonetheless and focusing on the activation energy variation, in this range 

we can assume that the reaction is purely driven by the chemical control kinetics of the 

reaction. After which, for conversion values superior to 0.8, an increase of the activation 

energy is observed. The increase may be associated with the reduction of the molecular 

mobility which can be triggered by vitrification of the resin as the glass transition 

approximates the isothermal curing temperature 𝑇𝑇𝑐𝑐, shifting the reaction kinetics from 

chemical to a diffusion control regime [69][67].   

 Despite no apparent evidence of multi-step reaction from analysis of the DSC 

dynamics and isothermal scans, the variation in activation energy, even though 

relatively small, indicates that more than one reaction mechanism may be considered in 

the epoxy curing. A constant activation energy throughout the conversion variation 

would imply a single reaction mechanism which seldom is the case as curing reaction 

mechanisms are often complex and can involve up to several parallel, consecutive or 

reversible reactions [69]. 

 

6.2.3 Model fitting and experimental validation 

Curing kinetic model selection 

 Choosing an appropriate phenomological model and find the right kinetic 

parameters that can accurately describe the overall curing reaction of a thermosetting 

polymer is a cumbersome task but crucial for having a good prediction of the curing 

degree under any temperature program during processing. Vyazovkin et al. [125] define 

some useful guidelines for narrowing the type of model that can be used for the fitting 

to the experimental data. The already mentioned variation in activation energy could 

imply that there is more than one reaction mechanism present in curing of the epoxy. 

However, because the variation is rather relatively small, a mean value could be 

considered for the whole process as a single mechanism with one activation energy and 

one pre-exponential factor. Another clue resides on the type of reaction present – if 

accelerating, decelerating or sigmoidal (autocatalytic). Considering the curing degree as 

function of time for the experimental data in Figure 6-12a) one could quickly identify 
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the type of reaction as decelerating since reaction rate appear to be initially high and 

decreasing over time. However, looking at the reaction rate as function of the 

conversion degree for the isothermal case displayed in Figure 6-12b) it is noticeable that 

the maximum curing rate corresponds to just about 20% conversion. Autocatalytic 

reactions usually have their maximum reaction rate in the 20% to 40% as mentioned 

elsewhere ([126] [127] [128]) which in this case it can indicate an autocatalytic 

behavior of the investigated epoxy. From the isothermal scans it was also observed that 

the reaction is further incomplete with the decrease of the curing temperature. As 

previously discussed, this is explained by the resin vitrification as the material changes 

from rubber to the glassy state reducing substantially the molecular mobility and 

consequently the curing rate of the resin. Therefore and due to the fact that some of the 

predictions in the curing cycles presented in the sections ahead involve relatively long 

curing times at temperatures considerably below the maximum glass transition 

temperature, the curing kinetic model should include a term which accounts for 

diffusion.    

 

 

Figure 6-12: Isothermal DSC experimental data: a) Curing degree as function of time (left plot); 
b) Curing rate as function of degree of cure (right plot).  

 The general equation for the reaction rate of a chemical process is expressed in 

equation (3-5). It can be modified to include the diffusion factor 𝑓𝑓𝑑𝑑 which is dependent 

on the degree of cure and temperature, becoming:  

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

= 𝐾𝐾(𝑇𝑇) ∙ 𝑓𝑓(𝛼𝛼) ∙ 𝑓𝑓𝑑𝑑(𝛼𝛼, 𝑇𝑇)  (6-5) 
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From the arguments above described and after testing different models by comparing 

their quality fit against the experimental data, the autocatalytic reaction model 

developed by Sestak-Berggren [129] and modified by Criado et al [130] was considered 

and is expressed as:   

𝑓𝑓(𝛼𝛼) = 𝛼𝛼𝑚𝑚(1 − 𝛼𝛼)𝑛𝑛 (6-6) 

With 𝛼𝛼 denoting the conversion/curing degree and 𝑚𝑚 and 𝑛𝑛 as two exponential factors. 

The diffusion factor considered here that accounts for the change from kinetic to 

diffusion controlled regime was adapted by Cole et al. [76] and is given by: 

𝑓𝑓𝑑𝑑(𝛼𝛼, 𝑇𝑇) =  
1

1 + 𝑒𝑒𝐷𝐷(𝑑𝑑−𝑑𝑑𝑐𝑐) (6-7) 

Being 𝛼𝛼𝑐𝑐  the critical degree of cure at which the reaction shifts into diffusion control, 

that is, the degree of cure at which the material changes from rubbery to glassy state 

which happens when the 𝑇𝑇𝑔𝑔 of the material equals its curing temperature. The parameter 

C, is a diffusion constant and has not been correlated with any physical or chemical 

meaning. For values of 𝛼𝛼 ≪ 𝛼𝛼𝑐𝑐 the model 𝑓𝑓𝑑𝑑 is close to unity denoting a neglected 

diffusion effect and starts to decrease when 𝛼𝛼 approximates 𝛼𝛼𝑐𝑐 reaching 𝑓𝑓𝑑𝑑 = 0.5 

when 𝛼𝛼 = 𝛼𝛼𝑐𝑐. With further increase of 𝛼𝛼 beyond 𝛼𝛼𝑐𝑐, 𝑓𝑓𝑑𝑑 tends to zero yielding 

substantial lower cure rate until the reaction eventually ceases. This parameter is 

temperature dependent and can be expressed as linear relationship:  

𝛼𝛼𝑐𝑐 = 𝛼𝛼𝑐𝑐0 + 𝛼𝛼𝑐𝑐𝑇𝑇 ∙ 𝑇𝑇 (6-8) 

Where 𝛼𝛼𝑐𝑐0 is the critical degree of cure at absolute zero, 𝑇𝑇 the material temperature and 

𝛼𝛼𝑐𝑐𝑇𝑇 the increase in critical cure degree with temperature. Combining equations (6-6) 

and (6-7) with the general equation (6-5) the curing rate is expressed as: 

𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

=  
𝐾𝐾 𝛼𝛼𝑚𝑚(1 − 𝛼𝛼)𝑛𝑛

1 + 𝑒𝑒𝐷𝐷(𝑑𝑑−𝑑𝑑𝑐𝑐)  (6-9) 

Fitting trials of equation (6-9) to the reaction rate of the isothermal experimental 

data by nonlinear regression using the method of least squares were conducted. Initial 

parameters of 𝐸𝐸𝑎𝑎 and ln (𝐴𝐴) were used as mean values of 55kJ/mol and 10.8 (1/s) 

calculated from Table 6-3. The critical curing degree parameters (determined in Figure 
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6-13 further ahead) were maintained fixed during iterations. Results show that the 

model reasonably followed the overall trend of the experimental data. However, while 

being more accurate for higher conversion degrees when diffusion factor has influence, 

it was not so good at lower conversion degrees. Therefore a second autocatalytic step 

(equation (6-6)) was added to the reaction model considering two parallel reaction 

processes happening simultaneously where one would reflect the reaction rate at early 

stages of conversion while the second, coupled with the diffusion factor, reflects the 

later conversion stages. Equation (6-9) was then rearranged to include another 

autocatalytic step, becoming:  

𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝐾𝐾1 𝛼𝛼𝑚𝑚1(1 − 𝛼𝛼)𝑛𝑛1 +  
𝐾𝐾2 𝛼𝛼𝑚𝑚2(1 − 𝛼𝛼)𝑛𝑛2

1 + 𝑒𝑒𝐷𝐷(𝑑𝑑−𝑑𝑑𝑐𝑐)  (6-10) 

Where 𝐾𝐾1 = 𝐴𝐴1 𝑒𝑒
(−𝐸𝐸𝑎𝑎1

𝑅𝑅𝑇𝑇 )
and 𝐾𝐾2 = 𝐴𝐴2 𝑒𝑒

(−𝐸𝐸𝑎𝑎2
𝑅𝑅𝑇𝑇 )

 are the temperature dependent Arrhenius 

factors for each step. Similar model was also used by Kratz et al. [131] for the kinetics 

characterization of an epoxy resin system achieving good results.  

Model fitting and kinetic parameters determination 

 Having determined the activation energy and pre-exponential factor from the 

iso-conversional methods that will work as initial parameters for the model fitting, the 

other parameters that can be pre-determined and maintained throughout the regression 

are related to the critical degree of cure. To determine the temperature dependence of 

the critical degree of cure it was initially considered the isothermal scans results stated 

in Table 6-2, where the isothermal curing temperature can be related to the curing 

degree – estimated from the analysis on the residual cure. But it would introduce 

inaccuracies since it should be considered the degree of cure at which 𝑇𝑇𝑔𝑔 equals the 

isothermal curing temperature and in some cases, the 𝑇𝑇𝑔𝑔 surpasses the curing 

temperature when enough time is allowed during measurement. Therefore, the critical 

degree of cure for the isothermal temperatures were estimated from equation (3-1) - 

which relates the glass transition with the curing degree – by calculating the degree of 

cure where 𝑇𝑇𝑔𝑔 = 𝑇𝑇𝑐𝑐. The critical degrees of cure corresponding to isothermal curing 

temperatures of 20℃, 30℃, 40℃, 50℃, 60℃, 70℃ and 80℃ were calculated and 

plotted on Figure 6-13. With increasing curing temperature, 𝛼𝛼𝑐𝑐 increases as well since 

diffusion takes place at later conversion degrees for higher temperatures. From the 
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regression analysis of the data points a linear curve was fit and the parameters 𝛼𝛼𝑐𝑐0 and 

𝛼𝛼𝑐𝑐𝑇𝑇 from equation (6-8) were determined. 

 
Figure 6-13: Critical degree of cure as function of the isothermal curing 

temperature: data points and linear fit.  

  Non-linear regressing using the method of the least squares was used to fit the 

kinetic model defined in equation (6-10) Initial fitting kinetic parameters of activation 

energy and pre-exponential factor were considered as 𝐸𝐸𝑎𝑎1 = 59.68 kJ/mol and 

ln (𝐴𝐴1) = 12.4 (1/s) for the first autocatalytic model while 𝐸𝐸𝑎𝑎2 = 49.85 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑙𝑙 and 

ln (𝐴𝐴2) = 8.69 (1/𝑠𝑠)  were used for the second autocatalytic model coupled with 

diffusion factor. These parameters correspond to conversional values of 0.1 at early 

stage and 0.8 at the later conversion stage from the iso-conversional analysis results in 

Table 6-3. The critical curing degree parameters for the diffusion factor were 

determined from the regression analysis represented in Figure 6-13 and are set as 

𝛼𝛼𝑐𝑐0 = −0.714 and 𝛼𝛼𝑐𝑐𝑇𝑇 = 4.86 × 10−3 (1/K). 

Figure 6-14 shows the plot of curing rate as function of the degree of cure for the 

isothermal temperature scans performed at 40, 60, 80 and 100℃. The scattered data 

represents the experimental values obtained for the different temperature programs 

while the solid lines are the output of the kinetic model from Equation (6-10) with the 
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optimal fitting parameters. Comparison of the experimental data with the model shows 

good agreement both at higher and lower degrees of conversion.  

 

 

 

Figure 6-14: Reaction rate as function of the conversion degree: model (solid lines) vs 
experimental data (scatter). 

Figure 6-15 breaks down the influence of the two parallel steps contribution to the 

overall model and compared to the experimental data from the DSC isothermal 

measurement at 80℃. The comparison shows the higher influence of the autocatalytic 

model (Equation (6-6)) in early conversion stage where chemical controlled kinetics is 

dominant while the model coupled with the diffusion factor (Equation (6-9)) exerts its 

influence for higher conversion values where diffusion control kinetics is preponderant.  
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Figure 6-15: Reaction rate as function of conversion degree: separate contributions of the 
autocatalytic model (Equation (6-6)) and autocatalytic coupled with diffusion (Equation (6-9)) 

to the general model (Equation (6-10)) compared to experimental data from Isothermal 
temperature of 80℃.  

 Table 6-4 summarizes the optimal values obtained from the non-linear regression 
fitting procedure. While the diffusion parameters of 𝛼𝛼𝑐𝑐0 and 𝛼𝛼𝑐𝑐𝑇𝑇 remain constant during 
iterations, the optimal values of 𝐸𝐸𝑎𝑎1 and 𝐸𝐸𝑎𝑎2 did not significantly differ from the initial 
input ones. 
 

Table 6-4: Summary of the optimized kinetic parameters obtained for the curing kinetic model 

in Equation (6-10). 

Reaction model 
𝜶𝜶𝒍𝒍(𝑨𝑨) 

(1/s) 

𝑬𝑬𝒂𝒂 

(kJ/mol) 
𝒎𝒎 𝒍𝒍 𝑪𝑪 𝜶𝜶𝒄𝒄𝟎𝟎 

𝜶𝜶𝒄𝒄𝑻𝑻 

(1/K) 

𝑲𝑲𝟏𝟏 𝜶𝜶𝒎𝒎𝟏𝟏(𝟏𝟏 − 𝜶𝜶)𝒍𝒍𝟏𝟏 13.33 61.55 0.08 2.69 - - - 

𝑲𝑲𝟐𝟐 𝜶𝜶𝒎𝒎𝟐𝟐(𝟏𝟏 − 𝜶𝜶)𝒍𝒍𝟐𝟐

𝟏𝟏 + 𝜶𝜶𝑪𝑪(𝜶𝜶−(𝜶𝜶𝒄𝒄𝟎𝟎+𝜶𝜶𝒄𝒄𝑻𝑻∙𝑻𝑻)) 9.70 49.19 0.73 1.74 66.89 -0.714 4.86E-3 
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Curing kinetic model validation 

 Validation of a curing kinetic model presupposes that it can predict or reproduce 

experimental kinetic data independently of the temperature and time variables used as 

input. The simple approach taken here to validate the curing kinetic model and the 

determined kinetic parameters was to verify how the prediction compared to the 

experimental DSC isothermal and dynamic data (similar to elsewhere in literature [132] 

[133]). In Figure 6-16 the experimental degree of cure from the isothermal data set used 

to model the curing reaction is compared to the prediction by the curing kinetic model 

for each of the isothermal scans at 100°C, 80°C, 60°C and 40°C. To further evaluate 

how the model is able to predict experimental data, another isothermal data set which 

has not been included on the kinetic modelling is plotted in the form of degree of cure 

over time and compared to the model predictions. These include isothermal scans of 

90°C, 70°C and 50°C for 4h and are represented in Figure 6-17. 

 

Figure 6-16: Degree of Cure as function of time: Kinetic model prediction ( ) against 
experimental isothermal DSC scans (▪) at 100°C, 80°C, 60°C and 40°C. 
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Figure 6-17: Degree of Cure as function of temperature: Kinetic model prediction ( )  against 
experimental isothermal DSC scans (▪) at 90°C, 70°C and 50°C for 4h. 

 Both isothermal plots show a good agreement between experimental data and 

the predictions of degree of cure by the established curing kinetic model.  Only the 

isothermal data for 80°C in Figure 6-16 and 50°C in Figure 6-17 show deviation 

between the experimental and model data however the deviation is small and it does not 

invalidate the overall good agreement.  

Considering the dynamic data sets, Figure 6-18 displays the degree of cure as 

function of temperature plot for samples subjected to heating rates of 10, 8, 5 and 

2K/min. 
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Figure 6-18: Degree of Cure as function of temperature: Kinetic model prediction ( ) against 
experimental dynamic DSC scans (▪) at 10, 8, 5 and 2 K/min.  

 There is a good agreement between the experimental and predicted data by the 

kinetic model for degrees of cure up to 0.7 after which the model deviates somewhat 

from the experimental data for higher heating rates. The deviation at higher curing 

degrees occurs when the samples are well above 100℃, which is outside the isothermal 

data range set used for the model. This can further be seen from Figure 6-19 where the 

curing rate as function of temperature is plotted for the same experimental and modelled 

data. The experimental and model curves for each sample have been coupled and 

deliberately offset from one another to avoid data overlapping.  Besides the deviations 

at higher curing degrees and temperatures, another trend is discernible by comparing the 

heating rates. With a decreasing heating rate the deviation between experimental and 

modelled data appears to decrease, but then again this is more visible for temperatures 

above 100℃.  
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Figure 6-19: Cure rate as function of temperature: Kinetic model fit ( ) against experimental 
dynamic DSC scans (▪) at 10, 8, 5 and 2 K/min.  

 Considering that the processing window for the investigation requiring the 

curing prediction of neat resin samples and composites in this work is below 100℃ and 

heating rates not exceeding 5K/min, it is assumed that the curing kinetic model is able 

to reasonably predict the curing development under the proposed temperature programs.  

6.3 Glass transition modelling  

 During the cure process of a thermosetting resin, the increase in number of 

covalent bonds raises the glass transition temperature of the material. Both quantities 

are related and can be modelled using the well know equation derived by DiBenedetto 

already referenced in (3-1). Figure 6-20 shows the plot of the glass transition 

temperature as function of the curing degree. Data was collected from the dynamic 

scans of partially cured samples and the combined values of degree of cure and 

respective glass transition are summarized in Table 6-2.  Additional data was added 

from extra measurements made throughout the course of this work following similar 

sample preparation and measurement procedures thus improving the accuracy of the 

model. The input parameter of maximum glass transition (𝑇𝑇𝑔𝑔∞) was used as an average 

value obtained from the second dynamic DSC scans summarized in Table 6-1. Due to 
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equipment limitations, it was not possible to obtain the glass transition corresponding to 

the uncured state of the resin (𝑇𝑇𝑔𝑔0). While 𝑇𝑇𝑔𝑔∞was maintained as fixed during the non-

linear regression fitting iterations, an initial value of 𝑇𝑇𝑔𝑔0 = −50°𝐶𝐶  was used as first 

approximation. Figure 6-20 includes the fitting curve given by the DiBenedetto equation 

where optimal fitting parameters are given as  𝜆𝜆 = 0.51   and  𝑇𝑇𝑔𝑔0 = −53°𝐶𝐶.  

 

Figure 6-20: Glass transition as function of degree of cure: experimental data points correlated 
with fitting DiBenedetto equation.  

Altough the glass transition temprature is defined as a single temperature, in 

reality it is a range of temperatures where conventionally 𝑇𝑇𝑔𝑔 is defined as the middle 

point of this transition – measured from a step change in the heat flow due to heat 

capacity variation in DSC analysis. The transition can be defined by a lower bound (Tg 

onset) and a upper bound (Tg offset) as the material enters the transition region between the 

glassy and rubber state. It should be noted that the terms onset and offset are designated 

for the scenario of increasing material temperature from glassy to rubber state. When 

cooling down, or in the case where sample temperature is constant and 𝑇𝑇𝑔𝑔 is increasing 

due to curing, then the upperbound corresponds to Tg onset and lowerbound the Tg offset . 

For the sake of simplification, the transition boundaries of the glass transition 

temperature region will be termed as upperbound (Tg Upper bound) and lowerbound (Tg Lower 

bound), referring to the transition temperature above and below the middle reference (Tg 
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Middle) . These transition boundaries are relevant in the way that material properties start 

to change, or in the case of thermoset curing, are the points were reaction rate starts to 

decrease or completely stops once it completely vitrifies. In addition to the glass 

transtion temperature dependence on degree of cure for the conventional middle 

position, in Figure 6-21 the onset and offset of the glass transition region are plotted as 

well. The data points were taken from the isothermal and dynamic DSC scans for the 

partially and fully cured samples and are summarized in tables  Table 6-2 and Table 6-1 

respectively. The same DiBenedetto equation (3-1) and fitting procedure was applied 

with parameters determined as 𝜆𝜆𝐿𝐿𝑖𝑖𝐿𝐿𝑒𝑒𝑟𝑟 𝑏𝑏𝑖𝑖𝑏𝑏𝑛𝑛𝑑𝑑 = 0.45  and  𝑇𝑇𝑔𝑔0 𝐿𝐿𝑖𝑖𝐿𝐿𝑒𝑒𝑟𝑟 𝑏𝑏𝑖𝑖𝑏𝑏𝑛𝑛𝑑𝑑 = −55°𝐶𝐶 for 

the lower boundary transition and as 𝜆𝜆𝑈𝑈𝑝𝑝𝑝𝑝𝑒𝑒𝑟𝑟 𝑏𝑏𝑖𝑖𝑏𝑏𝑛𝑛𝑑𝑑 = 0.52  and  𝑇𝑇𝑔𝑔0 𝑈𝑈𝑝𝑝𝑝𝑝𝑒𝑒𝑟𝑟 𝑏𝑏𝑖𝑖𝑏𝑏𝑛𝑛𝑑𝑑 =

−49°𝐶𝐶 for the upper boundary transition.  The plot in Figure 6-21 shows that the 

transition region is compromised in a +/- 8℃ relative to the middle curve of the 

conventional glass transition temperature with the material in the  rubbery state above 

the upper bound and glassy state for temperatures below the lower bound  of the glass 

transition. Although unusual, representing the glass transtion temperature as a transition 

region will be helpful for the discussion of some of the results analysis in later chapters. 

 

  

Figure 6-21: Glass transition as function of degree of cure: experimental data points correlated 
with fitting DiBenedetto equation for the lower bound (onset) and upper bound (offset) of the 

transition region.  
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6.4 Density and shrinkage characterization 

 As thermoset curing progresses, the increasing number of covalent bonds being 

formed translates into a reduction of the free volume in the material. When there is no 

mass loss throughout the reaction process there is an increase of the density as volume 

is reduced.  Knowing the initial and final density of the material, the shrinkage can be 

estimated by calculating the volumetric change caused by the curing process.  

6.4.1 Methods 

Uncured epoxy resin 

 Measuring the density of uncured resin after mixing of components can pose 

some challenges such as contamination of measuring equipment. Therefore, the density 

of each component of the resin system was measured separately and then estimated 

based on the mixing ratio. Density measurements of epoxy and hardener were carried 

out by liquid pycnometer method. For each component, measurements were made in 

four samples and the average density was calculated.  

Cured epoxy resin 

 Density of fully cured epoxy was determined using the Archimedes principle 

which states that buoyancy of an object immersed equals the mass of the displaced 

medium. Samples of 15x15x2 mm were cut from a neat epoxy plate previously cured at 

room temperature for 24h and then post cured at 95ºC for 4h. A DSC scan was 

performed on an extracted sample from the same plate so that the cure state of the resin 

could be verified. Density measurement samples were cleaned and dried for 16h in 

vacuum oven to remove any contained moisture from the cutting and cleaning 

procedure. Their weight was then measured before and when emerged in water 

supported by an appropriated fixture. On each measurement, water temperature was 

recorded for accurately calculate the water density. The density of the cured epoxy resin 

was determined from the average of four measurements.   

6.4.2 Results and discussion 
The average densities of epoxy and hardener were determined as 1.1268g/cm3 

and 0.9358𝑔𝑔/𝑐𝑐𝑚𝑚 respectively (samples measurement results can be found in Appendix 

A). These values are well in agreement with the range of densities reported by the 

supplier on the material datasheet: 1.1 to 1.2 g/cm3 for the epoxy and 0.92 to 0.93 
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g/cm3 for the hardener. Considering the mixing ratio of 100:28 ppw, the density of the 

uncured resin after being mixed was determined according to: 

1
𝜌𝜌𝑏𝑏𝑛𝑛𝑐𝑐𝑏𝑏𝑟𝑟𝑒𝑒𝑑𝑑 𝑒𝑒𝑝𝑝𝑖𝑖𝑚𝑚𝑒𝑒

=
100
128

×
1

𝜌𝜌𝑒𝑒𝑝𝑝𝑖𝑖𝑚𝑚𝑒𝑒
+

28
128

×
1

𝜌𝜌ℎ𝑎𝑎𝑟𝑟𝑑𝑑𝑛𝑛𝑒𝑒𝑟𝑟
 (6-11) 

Resulting in a density estimation of uncured epoxy resin of 1.079 g/cm3. For the epoxy 

samples produced after 24 hours at room temperature followed by 4 hours at 95ºC, the 

DSC scan carried on extracted sample showed minimal residual heat of reaction and a 

glass transition of 82ºC. The 𝑇𝑇𝑔𝑔 is close to the maximum obtainable for this epoxy 

system, indicating that the resin was fully cured. The density estimated from the average 

of four sample measurements resulted in 1.1342 g/cm3 which is higher than the density 

of the uncured resin, as expected, thus confirming a volumetric shrinkage of the 

material. Detailed density measurements results as well as DSC scan can be found in 

Appendix A. 

Shrinkage 

Knowing the initial and final density of the resin after the curing process, the 

volumetric shrinkage of the resin material can be calculated by the relation: 

 ∆𝐼𝐼𝑖𝑖ℎ = 𝑉𝑉𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓

𝑉𝑉𝑖𝑖𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑓𝑓
= 𝜌𝜌𝑖𝑖𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑓𝑓

𝜌𝜌𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓
= 1.079 g/cm3

1.1342 g/cm3
= 0.951 (6-12) 

This yields an approximate volumetric shrinkage of -4.90%. The linear shrinkage on the 

other hand can be calculated as:  

𝜀𝜀𝑏𝑏 + 1 = �∆𝐼𝐼𝑖𝑖ℎ
3  (6-13) 

which results in an estimated overall linear shrinkage of -1.66%. We can then establish 

a relation between degree of cure and linear shrinkage assuming a linear relationship 

between both as:  

𝜀𝜀𝑏𝑏(α) =  1.66 ∙ α (6-14) 
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6.5 Dielectric characterization 

Characterization by dielectric analysis was used to follow the development of the 

cure state in-situ of epoxy neat and fibre reinforced composite samples subjected to 

different temperature curing cycles. This section characterizes the dielectric response of 

the neat epoxy resin for a single step curing temperature. It presents the methodology 

and analysis to estimate the experimental degree of cure later used for the different 

curing cycles.  

Among the properties measured by dielectric analysis, the frequency independent 

ionic resistivity can conveniently be used to correlate the curing state of thermosetting 

resin [81]. In the results and formulations presented ahead, the term ionic viscosity 

(instead of ionic resistivity) is sometimes used since it is the connotation referred to by 

the equipment and data acquisition software provider, as well as some authors behind 

the development of the technology [83]. Accordingly, the term ionic viscosity comes 

from the similarities of the resin response and curve shape between the ionic resistivity 

and mechanical viscosity until gelation of the resin. Nevertheless, it should be noted that 

ionic resistivity and ionic viscosity refer to the same property. 

 As the number of covalent bonds in the resin increases during cure, the ionic 

species present in the solution become less mobile which translates into an increase of 

the ionic resistivity. However, temperature also plays a role on the resistivity signal 

measured. As the temperature increases, the ionic resistivity will decrease while the 

opposite is happening when temperature is lowered [134]. Because curing is seldom a 

strictly isothermal process, temperature in the resin will vary either due to 

heating/cooling of the cure cycle, or because of the exothermic nature of the curing 

reaction. This means that effects on the resistivity signal of both curing reactions of the 

resin and temperature variations may overlap. Consequently, the “true measurements” 

of the cure state in a resin can be masked by the temperature influence. Therefore, the 

ionic resistivity data needs to be treated in order to compensate for the temperature 

influence so the resultant signal only corresponds to the curing crosslinking effect.  
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6.5.1 Methods 
 Dielectric measurements were carried on a neat epoxy sample using the 

experimental setup and procedure as described in chapter 5.4. An epoxy sample was 

heated up to 95℃ and maintained at that temperature until the ionic viscosity (Log IV) 

signal from the dielectric sensor stabilized indicating no further curing. After which the 

sample was cooled down to room temperature. The dielectric measurement was carried 

out using five different excitation frequencies of 0.8Hz, 1Hz, 5Hz, 10Hz and 1000Hz in 

order to verify and select the frequency which is sensitive enough to capture changes in 

dielectric properties, and less prone to noise or electrode polarization. Temperature of 

the epoxy sample was recorded by thermocouples placed in the same plane position as 

the dielectric sensor. 

6.5.2 Results and discussion 
 The results for the neat epoxy sample are represented in Figure 6-22 where the 

Log IV at the five frequencies is shown together with the measured temperature of the 

sample.  

 

Figure 6-22: Plot of ionic viscosity (Log IV) for frequencies of: 0.8 Hz, 1 Hz, 5 Hz, 10 Hz and 
1000Hz and temperature over time. 
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As shown in Figure 6-22, the Log IV measured for all frequencies show a 

similar pattern over the course of the measurement. There is an initial decrease of Log 

IV until about 50min, which is caused by the initial rise of temperature in the sample. 

This is followed by a fast increase of Log IV over the next 60min, which is caused by a 

dominance of the curing reaction over temperature at this stage. After about 110 min, 

the increase in Log IV becomes gradually slower until Log IV becomes stable at around 

600 min, marking the end of the curing reaction. Thereafter, the final increase in Log IV 

signal is solely due to the decrease in temperature. For the highest frequency of 1000Hz, 

the Log IV signal starts to show less sensitivity to curing reaction at about 100min, after 

which, the signal stabilizes. Moreover, noise is also considerable which excludes the use 

of this frequency for cure monitoring. The lower frequencies show higher sensitivity to 

changes caused by both the curing and the temperature variation. However, noise seems 

to be higher for 0.8, 5, 10 Hz – most noticeable during the cooling step. This leaves the 

frequency of 1Hz as the chosen frequency for the measurements. Figure 6-23 shows a 

separate plot the Log IV measurements at the chosen frequency of 1Hz during the one-

step cure at 95℃.   

 

Figure 6-23: Plot of ionic viscosity (Log IV) at 1Hz and temperature over time. 
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 As represented in Figure 6-23 , the curing reaction of the resin measured by the 

Log IV signal can be separated in three sections: 

Section I: As the sample is heated up towards 95℃, the increase in temperature 

causes a rise in the mobility of the ions present in the resin. The conductivity on the 

resin increases causing the resistivity to decrease which explains the decrease in the Log 

IV signal. In this section, even though the crosslinking reaction of the resin starts to 

develop, the rise in temperature is the dominating effect on the dielectric signal.  

Section II: In this section, the influence of crosslinking reaction on the dielectric 

response increases, and it overcomes the temperature effect. The transition point is 

represented by the point on the curve where Log IV reaches its minimum value. The 

accelerating crosslinking reaction further increases the ionic viscosity reaching a 

maximum reaction rate at the inflection point on the curve after which, even though Log 

IV still increases, it does so at a lower rate. The decreasing temperature after peaking at 

98℃ and until stabilization at 95℃, also adds a small contribution to an increase of 

Log IV. After about 200 min, temperature in the sample becomes stable, and Log IV 

continuously increases, but at a progressively decreasing slower rate. In order to be able 

to mark the end of cure, a threshold value of the Log IV rate is defined as step increase 

over 60min. The threshold was set as ∆𝐿𝐿𝑚𝑚𝑔𝑔 𝐼𝐼𝐼𝐼 < 0.01 Ohm*cm/h which was reached at 

around 600 min. The end of cure was further confirmed by DSC analysis on the resin 

sample after the DEA measurements were concluded showing minimal residual heat of 

reaction and maximum 𝑇𝑇𝑔𝑔.  

Section III: In this section, after the crosslinking reaction has been completed, 

the sample is cooled down to room temperature. Thus, the change in Log IV is only due 

to temperature. An increase in signal fluctuation can be observed, especially below 

50℃, which could be explained by a further restricted ionic mobility as the sample 

temperature decreases and goes further into the glassy state. The signal levels at this 

stage are low and prone to noise which can be amplified by the unshielded lead wired 

sensors used in these measurements [83].  

Decoupling temperature effect on ionic viscosity 

 As mentioned in the introduction of this section, and as verified by the analysis 

on the dielectric measurements of the neat epoxy sample, temperature variation can 

substantially influence the Log IV signal. Thus, there is a need for decoupling the 
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temperature effect on ionic viscosity during the cure process. This can be achieved by 

isolating the sections where Log IV only changes due to temperature. This occurs in the 

above described Section I when the resin is still largely unreacted, and in Section III 

when the resin is already cured. Figure 6-24 shows a plot of Log IV as function of 

sample temperature.  

 

 

 

Figure 6-24: Plot of Log IV as function of temperature for the epoxy resin. The uncured state 
(Section I) and the fully cured state (Section III) are marked. Linear fit of temperature 

dependences for the uncured (𝛼𝛼 = 0) and fully cured (𝛼𝛼 = 1) states. 

 Log IV appears to be linearly dependent on temperature when the resin is in the 

uncured stage (Section I), from 25℃ to 45℃ before the Log IV signal starts to deviate 

due to crosslinking effect. Similarly, when the resin is in the cured stage (Section III), in 

the first cool down range from 95℃ to 60℃, there is a clear linear dependence of Log 

IV with temperature. When it is cooled below 60℃, there is a slight change in slope and 

a considerable amount of signal fluctuation. The linear dependence between Log IV and 

temperature in Section I and III can be expressed as:  
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𝐿𝐿𝑚𝑚𝑔𝑔 𝐼𝐼𝐼𝐼(𝑇𝑇) = 𝑚𝑚𝑑𝑑𝑇𝑇 + 𝑏𝑏𝑑𝑑 (6-15) 
 

where 𝑇𝑇 is the sample temperature, and 𝑚𝑚 and  𝑏𝑏 correspond to the change of Log IV 

with temperature (slope) and Log IV at 𝑇𝑇 = 0℃ (intercept), respectively. The subscript 

𝛼𝛼 denotes the curing state of the resin: uncured when 𝛼𝛼 = 0 and fully cured when 𝛼𝛼 =

1. Depending on the curing cycle, there could be cases where at the end of the DEA 

measurement the resin is partially cured. The curing temperature and time may not be 

enough for the resin to reach a fully cured state, instead vitrification may occur. For 

these particular cases during the final cooling ramp 𝛼𝛼 can take values between 0 < 𝛼𝛼 <

1 depending on the degree of cure reached at the end of the curing process. 

 One could assume that the determined linear proportionality constants m and b at 

α equal to 0 and 1 would be consistent for a particular epoxy resin. However, it was 

found that despite a general consistency of the values, there are some differences 

between measurements, even when one measurement is repeated under the same 

conditions. These differences can be related to small variations in sample preparations, 

moisture content in the resin, and in the output data treatment. Therefore, the applied 

approach for the in-situ measurements of neat resin and composite samples presented in 

the following chapters is to determine the changes of Log IV with temperature from 

each measurement.  

 

Determination of cure index 

 How the resin curing state develops during a non-isothermal curing process can be 

estimated by normalizing the Log IV signal using the determined linear expressions for 

the uncured and cured temperature dependencies, i.e. 𝐿𝐿𝑚𝑚𝑔𝑔 𝐼𝐼𝐼𝐼0 (𝑇𝑇) and 𝐿𝐿𝑚𝑚𝑔𝑔 𝐼𝐼𝐼𝐼1(𝑇𝑇) (see 

Equation (6-15). The so-called cure index (CI), as applied by Day [134], can be 

calculated as: 

 

𝐶𝐶𝐼𝐼 =
𝐿𝐿𝑚𝑚𝑔𝑔(𝐼𝐼𝐼𝐼) − 𝐿𝐿𝑚𝑚𝑔𝑔(𝐼𝐼𝐼𝐼0)(𝑇𝑇)

𝐿𝐿𝑚𝑚𝑔𝑔(𝐼𝐼𝐼𝐼1)(𝑇𝑇) − 𝐿𝐿𝑚𝑚𝑔𝑔(𝐼𝐼𝐼𝐼0)(𝑇𝑇)
 (6-16) 

   

The expression can be modified into a general form to include the case where the resin 

does not reach a full cure state, becoming: 
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𝐶𝐶𝐼𝐼 =
𝐿𝐿𝑚𝑚𝑔𝑔 𝐼𝐼𝐼𝐼(𝑇𝑇) − 𝐿𝐿𝑚𝑚𝑔𝑔 𝐼𝐼𝐼𝐼0(𝑇𝑇)

𝐿𝐿𝑚𝑚𝑔𝑔 𝐼𝐼𝐼𝐼𝑑𝑑𝑚𝑚𝑎𝑎𝑚𝑚(𝑇𝑇) − 𝐿𝐿𝑚𝑚𝑔𝑔 𝐼𝐼𝐼𝐼0 (𝑇𝑇)
× 𝛼𝛼𝑚𝑚𝑎𝑎𝑚𝑚 (6-17) 

where 𝛼𝛼𝑚𝑚𝑎𝑎𝑚𝑚 is the maximum obtained curing degree at the end of the measurement. 

An application of Equation (6-17) is shown in Figure 6-24 where the Log IV 

value at 90℃ is demonstrated as an example. By considering a perpendicular line to 

the temperature axis intercepting Log IV (90℃) and the correspondent values at the 

extrapolated linear temperature dependencies baselines, the cure index can be estimated 

from the proportion between the vertical distance between Log IV (90℃) and 

Log IV0(90℃) over the distance between Log IV0(90℃) and Log IV𝑑𝑑𝑚𝑚𝑎𝑎𝑚𝑚(90℃). Since 

in this case the sample was fully cured at the end of measurements, 𝛼𝛼𝑚𝑚𝑎𝑎𝑚𝑚 becomes 1 

and Equation (6-17) is therefore equal to Equation (6-16). Figure 6-25 shows a plot of 

the determined cure index for the epoxy resin as function of time together with the 

measured sample temperature.  

 

Figure 6-25: Plot of cure index (CI) and sample temperature as function of time. 

 
 The curve for the cure index shows the typical S-shape curve expected for a cure 
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curve for the cure index to the curve in Figure 6-23 for Log IV, it can be seen that the 

variation of Log IV due to temperature has been removed at the initial heating ramp 

when the resin is uncured, and at the ending cooling ramp, when the resin has reached 

its maximum cure state. During the cooling ramp, the determined cure index in Figure 

6-25 drops to values lower than the maximum obtained. This is a consequence of the 

applied normalization approach (Equation (6-17)) and these values should be 

disregarded as they are physically meaningless since the cure state of the resin is 

irreversible. 

 Despite that the cure index gives a fair resemblance of the curing state of the 

resin, it may not correspond to the degree of cure determined by DSC. DEA and DSC 

are two fundamentally different thermal techniques measuring different responses from 

the curing reactions in thermosetting resins. While DSC detects the heat released from 

the formation of new covalent bonds, DEA responds to the ability of ions to move when 

excited by an electric field. As already mentioned, the ionic mobility in a resin 

decreases with an increase in crosslinking density. Moreover, the crosslinking density is 

intrinsically related to the glass transition temperature of the resin. In studies by 

Senturia and Bisdrup [135] and more recently by Makishima et al. [136] it has been 

shown that changes in ionic mobility have a direct linear relationship with the 

development of the glass transition temperature. Finally, the glass transition temperature 

can be related to the degree of cure through relations such as the ones given by the 

DiBenedetto equation. These series of relationships can be expressed by combining the 

equation for the cure index (6-16) and the DiBenedetto equation (3-1) that relates glass 

transition temperature and degree of cure (𝛼𝛼) as [83]: 

𝐶𝐶𝐼𝐼 =
𝐿𝐿𝑚𝑚𝑔𝑔(𝐼𝐼𝐼𝐼) − 𝐿𝐿𝑚𝑚𝑔𝑔(𝐼𝐼𝐼𝐼0)(𝑇𝑇)

𝐿𝐿𝑚𝑚𝑔𝑔(𝐼𝐼𝐼𝐼1)(𝑇𝑇) − 𝐿𝐿𝑚𝑚𝑔𝑔(𝐼𝐼𝐼𝐼0)(𝑇𝑇)
≈  

𝑇𝑇g − 𝑇𝑇𝑔𝑔0  
𝑇𝑇g∞ − 𝑇𝑇𝑔𝑔0

=
𝜆𝜆𝛼𝛼

(1 − (1 − 𝜆𝜆)𝛼𝛼)
 (6-18) 

In this way, the degree of cure (α) can be related to the cure index (CI) as: 

𝐶𝐶𝐼𝐼 =
𝜆𝜆𝛼𝛼

(1 − (1 − 𝜆𝜆)𝛼𝛼)
 (6-19) 

 

The equation can be simplified by multiplying both terms by 1
𝑑𝑑
: 
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1
𝛼𝛼

× 𝐶𝐶𝐼𝐼 =
1
𝛼𝛼

×
𝜆𝜆𝛼𝛼

(1 − (1 − 𝜆𝜆)𝛼𝛼)
 (6-20) 

And rearranged as cure index (CI) as function of degree of cure (α), becoming: 

𝛼𝛼 =  
1

𝜆𝜆
𝐶𝐶𝐼𝐼 + 1 − 𝜆𝜆

 
(6-21) 

Where  𝜆𝜆 is the same fitting parameter as determined from the experimental 

DiBenedetto fitting reported in Figure 6-20. 

 While a curing kinetic model was established to predict the curing development 

under different temperature cycles, DEA was used to monitor in-situ the development of 

the curing degree, confirming the predictions made by the kinetic model. Therefore, it is 

important to evaluate how the curing degree calculated by the kinetic model obtained 

through DSC analysis compares with the curing degree calculated by equation (6-21), 

which is based on measurements of cure index by DEA. Figure 6-26 shows a 

comparison of plots for the cure index determined by equation (6-16), the degree of cure 

determined by Equation (6-21) (with λ=0.51), and the curing degree determined by the 

DSC kinetic model.    

 

Figure 6-26: Plot of the cure index, degree of cure determined from dielectric analysis (DoC 
DEA) and kinetic model (DoC KM) as function of time, combined with sample temperature.  
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For better visualization, the plots in Figure 6-26 are represented only until the 

sample starts to cool down, since after this point the determined CI is no longer valid. 

Comparing curves for DoC DEA and CI, it is observed that their shape is identical but 

there is a shift to higher conversion values for DoC DEA at the same time. This is more 

noticeable at higher degrees of conversion, which is due to the influence of the 𝜆𝜆 

parameter in equation (6-21).  If 𝜆𝜆 takes values closer to 0 then the DoC DEA curve will 

shift even further to left. On the other hand, if 𝜆𝜆 takes values closer to 1 then the DoC 

DEA curve will shift further to the right, i.e. closer to the CI curve. If λ is set equal to 1, 

the two curves will overlap, meaning that the cure index will give a direct measurement 

of the degree of cure. In Figure 6-26, by comparing the DoC KM curve with the other 

two curves, it is clear that the best agreement is observed with the DoC DEA curve. 

Consequently, in the further analyses, equation (6-21) will be used to determine the 

degree of cure from the DEA measurements. 

6.6 Cure shrinkage characterization by FBG  

In this section, the curing shrinkage of the epoxy resin is characterized by 

measuring the cure induced strain on a single Optical Fiber Bragg Grating (FBG) 

sensor. The experimental setup combined with a one-step constant curing temperature 

above the resin maximum glass transition, allows quantifying the shrinkage only due to 

the chemical reaction. This is possible once the resin and fiber are bond together which 

happens after the resin builds enough stiffness to induce deformation on the sensor - a 

critical stage of the curing which can be denoted as the gel point or gelation of the resin. 

The magnitude of the chemical shrinkage measured by this method will be compared to 

the linear shrinkage determined from density characterization.  

After the chemical reaction is completed and the material cured, the additional 

shrinkage resulting from the thermal contraction as the sample cools down is also 

measured by the strain sensor from where the resin coefficient of thermal expansion can 

be estimated. These stages and critical points occurring during measurement will be 

presented and discussed in detail further ahead.  

The cure induced shrinkage measurements by FBG sensor was carried using the 

same setup and at the same time as the dielectric characterization. Having time as the 

common variable, it is possible to determine the degree of cure at which the resin starts 

to induce deformation on the fiber sensor, i.e the degree of cure at gel point (𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏). 
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This section also details the analytical procedure to convert the raw optical shift 

data into cure induced strain that shall be used for measurements of neat resin and 

composite samples in chapter 8 and 9 respectively. This procedure is based on the 

recent work by Mikkelsen et al [137].  

6.6.1 Methods 
The cure induced shrinkage measurements were carried out by means of FBG 

strain sensor using the experimental setup and procedure described in chapter 5.4. In a 

brief summary, the setup where the resin sample is poured was design to reduce the 

exothermic effect of the curing reaction enabling a better control of the sample 

temperature. This improves the measurement of pure chemical shrinkage by reducing 

temperature variation due to the release of heat by the material. Another important 

factor considered in the setup is that the resin remains unconstrained from external 

loads, thus allowing the resin to freely shrink. This way, the FBG sensor is able to fully 

capture both contributions from chemical and thermal shrinkage during cure. In addition 

and as previously mentioned, the strain measurement was carried at the same time as the 

dielectric analysis. That is, the epoxy sample was subjected to the same one-step curing 

temperature at 95℃ until the measured strain was stable, indicating no further shrinkage 

due to chemical reaction. The following cool down step allows measuring the shrinkage 

due to thermal contraction. Temperature was recorded throughout the entire 

measurement and is used to compensate thermal related effects on the FBG sensor and 

to determine the coefficient of thermal expansion of the resin. This curing cycle 

combined with the referred measuring conditions allows a clear separation of both 

contributions to the overall shrinkage. 

6.6.2  Results and discussion 
Data treatment procedure 

The raw output data given by the interrogator comes in form of optical shift 

(relative change to the initial wavelength) and needs to be converted to strain. Equation 

(4-2) which relates the optical shift with the change in strain and temperature was used 

for the effect considering two stages: a pre-gel state where the resin is highly fluid and 

no stress is induced in the fibre sensor by the host material; and a post-gel state where 

the resin has formed a solid network with enough stiffness to induce deformation on the 
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sensor. Other than the resin, no external load is applied to the fiber sensor throughout 

the experiment hence ∆𝜀𝜀𝑏𝑏𝑖𝑖𝑎𝑎𝑑𝑑 = 0. 

Pre-gel strain 

For the pre-gel state, the equation (4-2) is rearranged as strain in the fiber axial 

direction as function of the optical shift and temperature, and is given by following 

relation:  

∆𝜀𝜀1 =

𝛥𝛥𝜆𝜆𝑏𝑏
𝜆𝜆𝑏𝑏0

− (𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹 + 𝜉𝜉)∆𝑇𝑇1

(1 − 𝑃𝑃𝑒𝑒)  (6-22) 

 The temperature variation is given by  ∆𝑇𝑇1 = 𝑇𝑇 − 𝑇𝑇0 where 𝑇𝑇0 is the initial 

temperature at the beginning of the measurement. The strain registered by the sensor up 

to the gel point should be ∆𝜀𝜀1 ≈ 0. As curing progresses, the resin reaches its gel point 

at a specific degree of cure becoming effectively bonded with the fiber. From this point 

the optical shift is influenced by the induced strain of the shrinking resin. The gel point 

can be analytically defined by equation (6-22) once the strain surpasses a pre-

determined tolerance where: |∆𝜀𝜀1| >  ∆𝜀𝜀1,𝑡𝑡𝑖𝑖𝑏𝑏 after which equation (6-22) is no longer 

valid and the interaction with the host material must be accounted for.  

Post –gel strain 

In the post-gel, the strain measured by the optical sensor corresponds to the curing 

induced strain (𝜀𝜀𝐷𝐷𝐶𝐶) which is composed by the chemical strain (𝜀𝜀𝑐𝑐ℎ), originating from 

the free volume reduction of the material due to molecular crosslinking reaction, and 

thermal strain (𝜀𝜀𝑡𝑡ℎ) due to expansion and contraction of the host material. 

𝜀𝜀𝐷𝐷𝐶𝐶 = 𝜀𝜀𝑐𝑐ℎ + 𝜀𝜀𝑡𝑡ℎ (6-23) 

With the fibre sensor and host material now bonded while considering no 

induced curing deformation by the host (𝜀𝜀𝐷𝐷𝐶𝐶 = 0), any deformation originating from the 

fibre (such as thermal expansion) is compensated by a stress induced strain by the 

constraining host material. As such that:  

𝜀𝜀𝐷𝐷𝐶𝐶 = 0 = ∆𝜀𝜀1 + 𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹Δ𝑇𝑇2 (6-24) 

With Δ𝑇𝑇2 = 𝑇𝑇 − 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 that accounts for temperature variation onwards after gel 

point.  When deformation resulting from curing is induced by the host material on the 

fibre (𝜀𝜀𝐷𝐷𝐶𝐶 ≠ 0), there is a correspondent change in ∆𝜀𝜀1 and therefore:  
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𝜀𝜀𝐷𝐷𝐶𝐶 = ∆𝜀𝜀1 + 𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹Δ𝑇𝑇2 (6-25) 

Replacing the unknown ∆𝜀𝜀1 in equation (4-2) by the one in equation (6-22), the 

curing induced strain 𝜀𝜀𝐷𝐷𝐶𝐶 can be expressed as:  

𝜀𝜀𝐷𝐷𝐶𝐶 =

𝛥𝛥𝜆𝜆𝑏𝑏
𝜆𝜆𝑏𝑏0

− (𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹 + 𝜉𝜉)∆𝑇𝑇1

(1 − 𝑃𝑃𝑒𝑒) + 𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹Δ𝑇𝑇2 (6-26) 

Reducing to a common denominator and decomposing some of the terms the expression 

becomes: 

𝜀𝜀𝐷𝐷𝐶𝐶 =

𝛥𝛥𝜆𝜆𝑏𝑏
𝜆𝜆𝑏𝑏0

− 𝜉𝜉(𝑇𝑇 − 𝑇𝑇0) − 𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹(𝑇𝑇 − 𝑇𝑇0) + 𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹�𝑇𝑇 − 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏� − 𝑃𝑃𝑒𝑒𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹�𝑇𝑇 − 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏�

(1 − 𝑃𝑃𝑒𝑒)  (6-27) 

The expression can finally be shortened and simplified in the form:  

𝜀𝜀𝐷𝐷𝐶𝐶 =

𝛥𝛥𝜆𝜆𝑏𝑏
𝜆𝜆𝑏𝑏0

− 𝜉𝜉(𝑇𝑇 − 𝑇𝑇0) − 𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹�𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 − 𝑇𝑇0� − 𝑃𝑃𝑒𝑒𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹�𝑇𝑇 − 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏�

(1 − 𝑃𝑃𝑒𝑒)  (6-28) 

Curing strain measurement 

The raw data from the FBG measurement in the form of optical shift (O.S) is 

presented in Figure 6-27 together with the calculated strain and temperature of the 

sample having the elapsed time as mutual variable. Considering the pre-gel state, the 

optical shift was initially converted to strain using equation (6-22) until a strain 

tolerance induced by gelation of the resin was reached. The strain tolerance was set at 

0.005% which ensures that the strain measured once the tolerance is reached, is due to 

deformation by the resin (details in Appendix B). After this point, resin and fibre 

become bonded and equation (6-28) for the post-gel state is employed to convert the 

optical shift into curing strain. The optical fibre parameters of coefficient of thermal 

expansion, photo-elastic coefficient and thermo-optic coefficients used in the 

calculations were set to: 𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹 = 0.55 × 10−6, 𝑝𝑝𝑒𝑒 = 0.22 and 𝜉𝜉 = 6.7 × 10−6 and 

were provided by HBM Fibersensing, the FBG sensors supplier.  

The plots of optical shift and strain represented in Figure 6-27 have similar curve 

shapes. The main difference resides on the gelation point where an increase in 

temperature results in an increase of the optical shift due to thermal expansion of the 

optical fibre. The converted strain on the other hand is close to null in this stage and this 
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is due to the compensation for the fibre thermal expansion in equation (6-22). Despite 

the similarities, the discussion of the measurement results will be focused on the strain 

plot which is of most interest.  

 

 

Figure 6-27: Measurements of FBG optical shift (O.S) and temperature with calculated strain 
for the epoxy sample cured at 95℃. 

 From the measurements of temperature and converted strain during cure, a few 

critical points and stages are identified in the plot. At point A, after the resin have been 

mixed and poured into the bag, both fiber and matrix are at room temperature – at 

approximately 25℃ at the beginning of the measurement – and is set as the initial 

temperature (𝑇𝑇0). 
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 The oven is then heated up to the curing temperature of 95℃. The resin sample 

follows the increasing temperature and this is represented by section AB on the 

temperature plot. Both resin and fiber materials expand independently of each other due 

to the rise in temperature. The latter expands considerably less due to a substantial 

lower coefficient of thermal expansion of glass when compared to the polymeric 

material. The crosslinking of the polymeric chains starts to develop and increases its 

rate as temperature increases with the resin viscosity on the rise. The crosslinking 

prompts a reduction in free volume of the resin which is countered by its thermal 

expansion. The optical fiber sensor does not detect any strain during this stage as the 

resin has not gather enough stiffness to induce deformation on the fibre.  

 At point B, the resin has developed a consistent network of crosslinked 

polymeric chains shifting the resin state from liquid to gel. The resin is no longer able to 

dissipate the build-up of stress and starts to induce compressive strain on the fiber. The 

temperature at which this occurs is denoted gel temperature (𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏) of the resin and we 

assume that resin and fiber becomes effectively bonded. From this point and onwards to 

point C (section BC) – despite a small contribution of thermal contraction until 

stabilization at 95℃ – the compressive strain measured by the sensor is due to the 

shrinkage originating from the resin chemical reaction, chemical strain (𝜀𝜀𝑐𝑐ℎ), and can be 

calculated between the strain values at B and C as detailed ahead. 

 At point C no further chemical shrinkage is observed. The resin has become 

fully cured and reaches its maximum glass transition temperature. The oven is turned 

off and the sample cools down over time until it reaches the room temperature at point 

D, equal to the initial temperature at point A. In this section CD, the resin thermally 

contracts inducing further compressive strain on the sensor (𝜀𝜀𝑡𝑡ℎ).  

 

 Matrix Strains 

 From this particular measurement, the resin curing strain contributions measured 

by the optical fiber sensor can be easily distinguished. The resin chemical 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ and 

thermal 𝜀𝜀𝑚𝑚
𝑡𝑡ℎ strains can be estimated from section BC and CD from the strain 

experimental measurements represented in figure Figure 6-27 by:  
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𝜀𝜀𝑚𝑚
𝑐𝑐ℎ =

𝜀𝜀𝐷𝐷 + 1
𝜀𝜀𝐵𝐵 + 1

− 1 (6-29) 

And 

𝜀𝜀𝑚𝑚
𝑡𝑡ℎ =

𝜀𝜀𝐷𝐷 + 1
𝜀𝜀𝐷𝐷 + 1

− 1 (6-30) 

Where 𝜀𝜀𝐵𝐵, 𝜀𝜀𝐷𝐷 and 𝜀𝜀𝐷𝐷 are the strains measured at points B, C and D respectively that can 

be determined by (𝑙𝑙𝑖𝑖+1 − 𝑙𝑙𝑖𝑖)/ 𝑙𝑙𝑖𝑖 where the subscript  𝑖𝑖 denote the different strain points 

as: 

𝜀𝜀𝐵𝐵 = 𝑏𝑏𝐵𝐵−𝑏𝑏𝐴𝐴
𝑏𝑏𝐴𝐴

 ;      𝜀𝜀𝐷𝐷 = 𝑏𝑏𝐶𝐶−𝑏𝑏𝐵𝐵
𝑏𝑏𝐵𝐵

;      𝜀𝜀𝐷𝐷 = 𝑏𝑏𝐷𝐷−𝑏𝑏𝐶𝐶
𝑏𝑏𝐶𝐶

 (6-31) 

The total matrix cure induced strain (𝜀𝜀𝑚𝑚
𝑡𝑡𝑖𝑖𝑡𝑡) can then be calculated as: 

𝜀𝜀𝑚𝑚
𝑡𝑡𝑖𝑖𝑡𝑡 = 𝜀𝜀𝑚𝑚

𝑐𝑐ℎ + 𝜀𝜀𝑚𝑚
𝑡𝑡ℎ (6-32) 

Where 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ is dependent on the cure degree after 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 and 𝜀𝜀𝑚𝑚

𝑡𝑡ℎ is related to the 

temperature difference between gel point and the resin final temperature (Δ𝑇𝑇 = (𝑇𝑇𝑒𝑒 −

𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏)) and the resin coefficient of thermal expansion (𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚) which can be calculated 

as: 

With 𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 being cure and state dependent (glass or rubbery). Although at 95℃ the 

resin is in the rubbery state, the cool down temperature range to 25℃ occurs mostly in 

the glassy state of the material, thus the 𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 calculated this way can be approximated 

to the one corresponding to the glassy state. 

𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 =
𝜀𝜀𝑚𝑚

𝑡𝑡ℎ

Δ𝑇𝑇
  (6-33) 
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Experimental determined 𝜶𝜶𝜶𝜶𝜶𝜶𝜶𝜶 

 Since DEA and FBGs were used simultaneously during the characterization of 
degree of cure in situ and curing induced strain, we can relate both measurements using 
time as common variable as displayed in Figure 6-28. 

 

Figure 6-28: Combined measurements of degree of cure obtained by DEA and cure induced 
strain by FBG over time for the epoxy sample cured at 95C. 

The degree of cure at which the resin gels can be determined at the instance when 

the resin builds enough stiffness to induced compressive stress on the optical fiber strain 

sensor. From Figure 6-28 this event happens at 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = 0.78 and shall be considered for 

the curing cycles design in the next chapter.  

 

Comparison with shrinkage estimated from density measurements  

 Besides the gel point at conversion, the measured chemical shrinkage by FBG 

can also be compared with the one estimated from the resin density characterization. As 

mentioned before, by curing at constant temperature and above the resin maximum 
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glass transition temperature, one can measure the resin shrinkage only due to the 

chemical reaction. The shrinkage measured by this method can be compared with the 

linear shrinkage estimated from density characterization. Since the FBG sensor only 

measures after 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏, only the remaining linear shrinkage after this point can be 

comparable. Rearranging equation (6-14)  the corresponding linear shrinkage from 

𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = 0.78 to 𝛼𝛼 = 1 can be calculated as:  

𝜀𝜀𝑏𝑏 =  1.66�1 − 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏� (6-34) 

Resulting in a linear shrinkage of about 0.37% which is higher than the one measured 

by the optical strain sensor (0.19%). The discrepancy between these values could be 

explained by a possible non-linear relationship between the shrinkage and the degree of 

cure which could result in overestimation of the shrinkage in the linear model. While in 

this work the relation was assumed to be linear, which is in line with the majority of 

previous works, some authors however have reported a non-linear relation between the 

shrinkage and degree of cure in thermosetting resins [139].  Since in this work, optical 

fiber strain sensors are used to measure cure induced strains on neat resin and 

composites, it makes sense to consider the strain magnitudes obtained by this method as 

reference in all measurements. The following table summarizes the relevant measured 

and calculated parameters from the analysis presented in this section. 

 
Table 6-5: Summary of strain measurements from neat epoxy curing at 95℃.  

Gel point Matrix strains CTE 

𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 
(℃) 

𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏  𝜀𝜀𝑚𝑚
𝑐𝑐h 

(%) 
𝜀𝜀𝑚𝑚

𝑡𝑡h 
(%) 

𝜀𝜀𝑚𝑚
𝑡𝑡𝑖𝑖𝑡𝑡 

(%) 
𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 
(1/K) 

97.7 0.78 -0.19 -0.62 -0.81 9.92E-05 
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6.7 Conclusions  

Thermal analysis by DSC in the form of dynamic and isothermal scans was 

conducted on epoxy resin sample with the purpose of characterizing the curing reaction. 

Dynamic DSC scans at distinct heating rates showed a well-defined single exothermic 

peak with a determined average heat of reaction of 450 J/g which was found to be 

consistent between the different heating rates applied. The single peak and the apparent 

no dependency of the total heat of reaction from the heating rates suggested a possible 

single reaction mechanism, although more than one overlapping mechanism could not 

be excluded. Similar conclusion can be made from the isothermal DSC scans where a 

single and well-defined exothermic peak is observable independently of the temperature 

applied. The set of isothermal measurements also showed that higher curing 

temperatures resulted in increasing curing rates thus reducing the curing time. For 

isothermal temperatures below the maximum 𝑇𝑇𝑔𝑔, the material did not reached a fully 

cured state as vitrification sets in, reducing substantially the reaction rate. This is 

confirmed by a second DSC scan (in dynamic and temperature modulated mode) where 

the residual heat and  𝑇𝑇𝑔𝑔 were quantified showing a decrease of the residual heat of 

reaction and increase of 𝑇𝑇𝑔𝑔 with increasing isothermal temperatures where the 

maximum the 𝑇𝑇𝑔𝑔 attainable for this epoxy system estimated to be 82.5℃. The 

relationship between the degree of cure and 𝑇𝑇𝑔𝑔 was modelled using the DiBenedetto 

equation where from the fitting between model and data, the glass transition for the 

uncured resin was estimated to be −53°𝐶𝐶. The onset and offset of the glass transition 

region was also modeled as a function of the degree of cure using the same DiBenedetto 

equation. The onset and offset curves were found to be about +/- 8℃ relative to the 

middle curve of the conventional glass transition temperature.  

 The set of isothermal DSC scans was used to model the curing reaction by fitting 

the experimental data to an analytical expression relating the curing rate with a suitable 

reaction model including a diffusion factor and a temperature dependent constant 

defined by the Arrhenius expression. Analysis of the DSC scans coupled with 

isoconversional methods allowed to select a suitable curing kinetic model and 
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respective parameters that can reproduce or predict the epoxy curing reaction under a 

certain temperature profile.  

Isoconversional methodology was employed to determine the activation energy 

(𝐸𝐸𝑎𝑎) and the pre-exponential factor (𝐴𝐴) from the Arrhenius expression hence reducing 

the number of variables in the fitting procedure. Assuming a simple reaction model of 

first order, 𝐸𝐸𝑎𝑎 and 𝐴𝐴 were calculated at different conversion levels. The activation 

energy and the pre-exponential factor were found to decrease for conversion ranges 

between 0.1 and 0.8. Thereafter a slight increase is observed which can possibly be 

associated with vitrification of the resin. The variation in activation energy, although 

small, suggested that more than one reaction mechanism may be considered. 

Concerning the type of reaction, the plot of the reaction rate as function of the 

conversion degree for the isothermal DSC scans showed that the maximum reaction rate 

takes place at about 20% conversion indicating an autocatalytic reaction type. 

Accordingly and after different possible reaction models were fitted against the 

experimental data, a model composed of two autocatalytic parallel steps where one 

incorporates a diffusion factor was found to have a better fit against the experimental 

isothermal data. While the first autocatalytic step shows to have higher influence in 

early conversion stages, the second autocatalytic step coupled with the diffusion factor 

is dominant at higher conversion stages.  

To validate the curing kinetic model, DSC dynamic scans of the epoxy curing at 

different heating rates were compared to the correspondent predictions by the curing 

kinetic model. A good agreement between model and experimental data was found for 

all curves, especially for heating rates below 5K/min and temperatures below 100℃ 

which fall inside the range of curing temperatures and heating rates intended for the 

processing of composites further ahead. Additionally, a set of isothermal measurements 

at 90℃, 70℃ and 50℃ not included in the kinetic modelling also show a good 

agreement with the model predictions. It is therefore assumed that the curing kinetic 

model is able to fairly predict the degree of cure for the proposed curing cycles.  

Dielectric analysis was employed to monitor in-situ the development of the curing 

state of the resin during processing. Characterization by this technique was carried by 

subjecting a material sample to one step curing cycle with the curing temperature (95℃) 

set above the resin maximum glass transition temperature ensuring that full cure is 
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achieved. The ionic viscosity measured at different frequencies was generally found to 

decrease with the rise in temperature and to increase either due to the crosslinking 

reaction or drop in temperature. The frequency of 1Hz was determined to be the most 

suitable for representing the curing state progress of the resin as it presented a better 

compromise between sensitivity to changes (either by temperature or curing) and low 

signal fluctuation (noise) compared to other frequencies. To isolate the ionic viscosity 

only due to crosslinking, the temperature effect was decoupled by first establishing a 

linear dependency of the ionic viscosity only due to temperature variation at the uncured 

and cured stages. Thereafter, the ionic viscosity measured at 1Hz was normalized 

considering the temperature dependencies as baselines from where the cure index (CI) 

was determined. The CI, although indicative of the resin curing state, does not directly 

correspond to the degree of cure determined by DSC. Instead, as reported by previous 

authors, it has a linear correlation with the development of the glass transition 

temperature during cure. To relate with the degree of cure given by the kinetic model 

established based on DSC characterization, the DiBenedetto equation was used to 

correlate both measures of the curing state. The experimental degree of cure obtained 

through this data processing method showed a good agreement with the degree of cure 

predicted by the curing kinetic model for the same temperature profile. Meaning that, at 

least for this epoxy system, the DEA data measurement of the curing degree needs in a 

first step to be decoupled from the temperature effect and then convert the CI into the 

degree of cure through the DiBenedetto equation in order to be comparable with the 

degree of cure by DSC. 

An FBG strain sensor embedded in a sample of unconstrained neat resin cured at 

95℃ was used to characterize the epoxy shrinkage by measuring the induced strain 

resulting from curing at constant temperature. The sensor only measures shrinkage after 

the resin reaches gelation, which at that point the resin is able to induce deformation on 

the sensor, therefore the shrinkage is only partially measured. Since the strain 

measurement and dielectric analysis were conducted simultaneously, it was possible to 

experimentally determine the degree of cure at which gelation takes place. The 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 by 

this method was found to be 0.78. 

The chemical shrinkage measured by the FBG sensor was found to be 0.19%, 

corresponding to the shrinkage measured after gelation (𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = 0.78) until a full cure of 

the resin is reached (𝛼𝛼 = 1). The linear shrinkage was also estimated from density 
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measurements and was found to be 1.66% resulting from the resin full cure. A linear 

relationship between shrinkage and degree of cure was assumed and the linear shrinkage 

between 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = 0.78 and 𝛼𝛼 = 1 was determined as 0.37%. This resulted in a higher 

value compared with the one obtained from the FBG measurement which could be 

explained by a possible non-linear relationship between shrinkage and degree of cure 

resulting in an overestimation of the linear assumption. With the FBG strain method 

being extensively used in this work while measuring cure induced strains in resin and 

composite samples alike and considering that stresses only develop onwards after 

deformation of the sensor takes place, it is logical to consider the strain magnitudes 

obtained by this method as reference. 
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7 Design of curing cycles 

In this chapter, the curing cycles that will be employed to heat treat neat resin and 

composite samples while investigating their effect of the build-up of residual stresses 

are defined. The curing kinetic model obtained from the epoxy curing reaction by means 

of DSC characterization is used to design and predict the resin cure state development 

along the thermal cycle. The curing cycles proposed consider one or multiple isothermal 

steps with different dwelling times so that the gelation point (𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏) of the resin will take 

place at different temperatures (𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏). It is hypothesize that lower gelation temperatures 

will result in lower measured curing strains which subsequently implies lower residual 

stresses. The hypothesis holds for selected curing cycles where the resin is fully cured at 

the end of the cycle where the final processing temperature (𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏) is common to all 

cycles. Meaning that the amount of curing shrinkage of chemical origin is the same for 

all compared samples while the thermal contraction is dictated by the temperature 

difference between 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 and  𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏. On the other hand, maintaining the same 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 it is 

expected to lower the curing strain by partially cure the material, that is, to reduce to 

some extent the amount of chemical shrinkage due to curing.  

The proposed curing cycles also intend to demonstrate that curing at higher 

temperatures do not necessary mean higher residual stresses. Or that prolonged curing 

times at low temperatures are not entirely required in order to produce composites with 

lower residual stresses. Control of the processing induced residual stresses, as will be 

demonstrated and discussed in the following chapters, depends on the temperature 

profile along the curing cycle and intrinsic material characteristics such as gelation, 

vitrification and shrinkage.   

A schematic representation of the curing cycles is displayed in Figure 7-1 where 

different temperature programs denoted Cycle A, Cycle B, Cycle C and Cycle D were 

used for the curing of neat epoxy and composite samples. Shaded areas on the plots 

represent the range where the resin is expected to gel (𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = [0.7 − 0.8]) at the 

correspondent temperature plateau. Among the curing cycles designed, Cycle A which 

consists of two isothermal temperatures holds and can be regarded as the benchmark 

reference for comparison in this work. A two-step cycle is often employed by 

manufacturers of FRPC materials in wind turbine blades. The first step cure at a lower 
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temperature reduces the high temperature peaks originating from the resin exothermic 

reaction. The following second step at higher temperature ensures that the resin is fully 

cured, resulting in the maximum properties attainable for the resin system used.  

 

Figure 7-1: Summary of the curing cycles designed for the experimental investigation: Cycle A: 
2 step curing (7h at 50℃+4h at 95℃);  Cycle B: 1 step curing (4h at 95℃); Cycle C: 1 step 

curing (11h at 50℃); Cycle D: 3 step curing (45min at 70℃+6h at 25℃+2h at 95℃). 

The four curing cycles schematically represented in Figure 7-1 are described as 

follows:  

Cycle A is a two-step curing profile where the sample is heated up to 50℃ and 

maintained at that temperature for 7h until the resin reaches its gelation state in the 

expected range of 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = [0.70 − 0.80]. The sample is then heated up to 95℃ and 

dwell for 4 hours until the material reaches a fully cure state. 

Cycle B is a one-step cure at 95℃ with a dwell time of 4 hours. A high 

temperature cycle above the resin maximum glass transition temperature intended to 

reach a full cure state of the material in a relatively short period of time. 
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Cycle C is a single step cure at 50℃ for 11h. Similar to Cycle A, however with 

longer dwell time at the 50℃ plateau and without the second step at 95C. It is expected 

for the sample to reach a cure state above 90% which is close to be fully cured. The 

assumption for this partially cured material is that less chemical induced strain would be 

measured, indicating lower residual stresses in composites compared to Cycle A.  

Cycle D is a three step cure where initially the sample is heated up to 70℃ to 

dwell for 45min and then cooled down to 25℃ remaining at this plateau for 6 hours. 

The third step involved heating the sample at 95℃ for 2h. The short period of time at 

70℃ was used to speed up the initial reaction rate just before the resin is cooled down to 

25℃ decreasing the reaction rate and allowing the resin to reach the gelation close to 

room temperature. The last step at 95℃ assures that the resin is completely cured where, 

according to the simulation, this step only requires a 2h dwell time.  

All cycles are finished within a total time of 16h (excluding ramping temperature 

times) which corresponds to an ideal overnight curing time from 4pm to 8am 

considering the curing process of a wind turbine blade under an industrial scenario. All 

curing cycles, with exception of Cycle C, were designed for the samples to reach a full 

cure state at the cycle end. For this effect, the mentioned cycles contain a last step at 

95℃ which is above the maximum glass transition temperature of this particular epoxy 

system, however well below any temperature that could induce degradation of the 

polymeric material. It should be noted that times referred in the description of the curing 

cycles refer to the isothermal temperatures holds and do not account for the time elapsed 

during heating and cooling and thus should be added to the total time. The oven used for 

the thermal treatment of the samples is considerably large and therefore limiting the 

maximum temperature rates attainable. Pre-trial temperature measurements show that 

the oven had an average heating rate of about 1.5℃/min and therefore, it was the 

reference value used for the heating rate in the simulation. In all samples before the 

initial ramp up, the furnace would be pre-heated at 25℃ as this has shown to decrease 

the average time to reach the pretended curing temperature. As for the cooling rates, the 

general rule was to allow for the sample to cool down following the oven temperature 

drop after the cycle was finished. The oven door was only opened when sample 

temperature was below the lower shoulder of the maximum glass transition. Meaning 

that, cooling rates for samples containing the last step at 95℃ are similar when cooling 
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down to 70℃. The exception was with Cycle D, where the door was opened after the 

70℃ first step in order to increase the cooling rate of the sample. 
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8 Measurements of curing strain in neat resin 

In order to investigate the effect of the curing cycles in the formation of residual 

stresses, an experimental setup was adopted combining measurements of temperature, 

strain and degree of cure on neat resin samples subjected to the curing cycles defined in 

the previous chapter. The setup can be interpreted as a single fibre composite (SFC) 

where the curing induced strain is measured by an FBG sensor which conveniently 

resembles a typical glass fibre used in FRPCs – despite differences in glass composition 

and relatively larger diameter. It should be emphasized that the FBG strain sensor does 

not give a direct measurement of the residual stresses (or residual strains). However, the 

measured curing strains can give a good indication of the magnitude of the residual 

stresses resulting from the curing process in composites as it only captures the stress 

induced deformation by the host material. Higher curing strains measured in the SFC 

will mean higher residual stresses in composites where the fibre content would be 

significantly larger. 

The concept of SFC where the embedded fibre acts as a strain gauge is not new 

and has been employed in a few past studies with different purposes and experimental 

approaches involving different sample geometries and procedures. This method has 

been applied in post processing scenarios such as: studying the interfacial properties in 

fibre pull-out tests [140], mapping of the radial stress field in the epoxy normal to the 

fibre direction and the residual stresses redistribution caused by the introduction of 

longitudinal cracks [141] or independent measurements of strain and temperature in 

polymeric tensile test specimen subjected to simultaneous mechanical and thermal loads 

[142]. During processing, other authors made use of this method to identify thermoset 

curing characteristics and properties such as onset of gelation, vitrification, curing 

shrinkage and coefficient of thermal expansion [105] [143] [52] [51] [144] [121] [145]. 

More specifically, the method has been used to study the effect of the curing regime in 

the build-up of residual stresses. Kosaka et al. made a comparison analysis of measured 

curing strains from three epoxy samples in silicon moulds where each sample was cured 

differently. The curing cycle scheme consisted of two isothermal steps at 40°C and 

100°C where the time for the first isothermal step was varied until predetermined DoC 

values of 0.6, 0.8 and 0.9 were reached before the sample was heated to the second step. 
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The degree of cure was measured prior to the strain measurements using a refractive 

index sensor at the constant temperature of 40°C. The authors found that increasing the 

isothermal time (hence higher DoC before heating to the second step) resulted in lower 

curing strains with a decrease of 8% and 29% relative to the highest measured strain 

(sample cured until 0.60 DoC reached in the first step). With the aid of finite element 

analysis, the authors attributed the reduction in curing strains to the cancelation of the 

thermal expansion by the curing shrinkage when heating to the second step [146].  

Harsch et al. [50] also used a two-step curing scheme, though more elaborated, 

when investigating the effect on resulting curing strains of neat epoxy in a 30mm by 

30mm cylindrical aluminium mould treated with release agent (unconstrained resin 

shrinkage conditions were assumed). The curing cycle scheme was designed so that 

three processing parameters were varied and their effect on the curing strains was 

evaluated: the dwelling times in the first isothermal step (120min, 180 min and 240min) 

at 75°C, the curing temperature in the second isothermal step (130°C, 150°C and 170°C) 

for 180 min and the heating rate between the two steps (0.3 °C/min, 0.6 °C/min and 

2.1 °C/min). The degree of cure was accessed by DSC measurements in extracted 

samples throughout processing at deemed relevant stages. Similar to Kosaka et al, it was 

found that increasing the first step dwelling time resulted in lower curing strains by 7% 

and 18% relative to the 240min dwelling time. Increasing the curing temperature in the 

second step resulted in lower curing strains but only by 1% and 3% relative to the 

lowest curing temperature, suggesting that the varying the curing temperature in this 

step has little or no effect on the final curing strains. Regarding the heating rate, the 

authors observed that a decrease from 2.1 °C/min to 0.6°C/min and 0.3 °C/min resulted 

in lower curing strains by 9% and 54% respectively. According to the results 

interpretation by the authors, lower heating rates leads to slower curing progress which 

results in lower compressive strains measured in contrast to when higher heating rates 

are applied. They concluded that the heating rate parameter was the one with most 

significant impact on reducing the measured curing strains and that a slower heating rate 

is desirable in order to minimize the curing strains. 

While in the studies by Harsch et al. and Kosaka et al. the heating rate and curing 

state at the time between isothermal steps were determined as key factors affecting the 

final curing strains, the temperature at which gelation occurs and the effect in the 

resulting curing strains was not investigated since in both studies the gelation 
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temperature was constant. In the present study, the gelation temperature was considered 

in the design of the curing cycles and is believed to be a major key parameter on the 

magnitude of final curing strains. In the same line of this work and more recently, 

Hüther [121]investigated the effect of the curing cycles in the formation of curing 

strains of an epoxy resin using the SFC method. The curing cycles were defined as 

combinations of one and two isothermal steps employing high and low temperatures 

where dwelling times were adjusted to reach a fully cured resin at the end of each cycle. 

DSC characterization was used to establish a kinetic model for curing predictions and 

quality assessment. Results showed that generally lower curing temperatures applied in 

the first isothermal step resulted in lower curing strains, although at a cost of prolonged 

processing times. Curing at lower temperatures in the first step meant that the gelation 

of the resin also occurred at lower temperatures, underlining the importance of the 

gelation temperature influence on the final curing strains. However, the setup used by 

Hüther presented a few issues which strongly affected the quality of the measurements, 

making it difficult to establish a direct relationship between the gelation temperatures 

and the resulting curing strains. Since the SFC experimental setup used in this work 

took some inspiration from Hüther work, some of these issues have already been 

addressed and discussed upon presentation of the neat resin measurements setup in 

chapter 5.4. 

The SFC method using an FBG sensor as strain gauge as reported by the 

aforementioned authors, is a relative simple and effective method to investigate the 

influence of the curing regime in the development of process induced residual stresses 

in composites. In this work, the geometry of the sample container has been designed to 

achieve a better control of the sample internal temperature and improve the quality of 

measurements. Another difference resides in the cure state prediction and monitoring in-

situ. The kinetic model established accounts for diffusion control kinetics due to 

possible vitrification in isothermal steps, avoiding overestimation of the degree of cure 

and improving the quality of predictions. The degree of cure was also continuously 

monitored by means of dielectric analysis introducing a disposable dielectric sensor in 

the resin sample material. Additionally, DSC was used to verify the cure state at the end 

of measurements. 
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8.1 Methods 

The epoxy resin, sensors employed for measurements and experimental procedure 

has been described in chapter 5.1, 5.3 and 5.4 of this document respectively.  

8.2 Results and discussion 

8.2.1 Cycle temperatures verification 
One of the requirements during the development of the experimental setup was 

to attain better control of the sample inner temperature. Limiting the thickness to 4mm, 

allows a reduction of the amount of material mass on the cross section of the sample. 

Besides decreasing the thermal lag between oven air temperature and sample, it also 

allows to mitigate the generated heat due to exothermic reaction of the resin. That is, the 

temperature in the sample should follow close to the input temperature from the oven. 

In order to verify this, the plot in Figure 8-1 compares the measured temperature of the 

oven and sample over time for the different curing cycles. 

 

Figure 8-1: Temperature over time: Oven air and sample temperature measured for curing 
Cycles A, B, C and D for the neat resin experiment.  
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The comparison analysis shows that, generally for all curing cycles, the sample 

temperature remains relatively close to the oven air temperature. The largest differences 

are observed for Cycle C, during the heating ramp to 50°C and Cycle B, during the cool 

down ramp from 95°C to room temperature. In both cases, the difference is caused by 

cooler air as consequence of opening the oven door, contributing to a decrease of air 

temperature inside the oven.  

Sample peak temperatures, for each curing cycle respectively, were marked in 

Figure 8-1 and are by far more prominent after the initial ramp to the first step. These 

appear to result from the exothermic effect of the curing reaction at early stages. For 

cycles where the first step is at 50°C, the sample temperatures peaks between 1.5°C and 

2.5°C above the curing temperature. For curing cycle D, in the first step, sample 

temperature reaches 75.5°C (5.5°C above) and for cycle B the temperature peak is 

relatively higher at 103.5°C (8.5°C above). The trend shows that the higher the cure 

temperature is in the first step, the higher will be the peak temperature in the sample. 

This trend can be justified by the autocatalytic nature of the resin: with increasing heat 

applied to the resin, the reaction rate increases, which generates more heat thus 

increasing the temperature gradients in the resin.  

Despite the almost unavoidable presence of these temperature gradients, they do 

not substantially deviate from the curing temperature set and therefore the experimental 

setup was successful on achieving one of its primary goals, that is, a good control of the 

sample temperature. 

 

8.2.2 Neat Resin measurement results 
In this section, results from the neat resin curing measurements of strain, 

temperature and degree of cure where the resin was subjected to different thermal 

curing cycles are presented. The results are presented in the form of 2 stacked plots 

where the top one shows the development over time of the resin curing strains and the 

theoretical optical fiber thermal strain – that is, the development of the optical fiber 

strain only due to temperature if not embedded in a host material. The optical fiber 

thermal strain was calculated as 𝜀𝜀𝐹𝐹𝐵𝐵𝐹𝐹 = 𝐶𝐶𝑇𝑇𝐸𝐸𝐹𝐹𝐵𝐵𝐹𝐹 × (𝑇𝑇 − 𝑇𝑇0) using the experimentally 

measured temperature variation as input and considering a coefficient of thermal 

expansion of 0.55x10-6 1/K. Although the gel point is defined when a strain threshold of 

0.005% is exceeded, adding the FBG thermal strain visually helps identifying the gel 
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point as both signals would diverge considerably (designated as OF strain in plot 

legend). The lower plot combines the sample temperature development with the degree 

of cure measured in-situ by DEA (DoC [DEA]) and the degree of cure given by the 

kinetic model (DoC [KM]) using the sample temperature as input. The glass transition 

temperature is plotted as an enveloping region, defined by the middle curve (𝑇𝑇𝑔𝑔 𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝑏𝑏𝑒𝑒) 

and confined by its upper (𝑇𝑇𝑔𝑔 𝑏𝑏𝑝𝑝𝑝𝑝𝑒𝑒𝑟𝑟 𝑏𝑏𝑖𝑖𝑏𝑏𝑛𝑛𝑑𝑑) and lower (𝑇𝑇𝑔𝑔 𝑏𝑏𝑖𝑖𝐿𝐿𝑒𝑒𝑟𝑟 𝑏𝑏𝑖𝑖𝑏𝑏𝑛𝑛𝑑𝑑) bound curves. 

Vitrification is conventionally marked in the plots when 𝑇𝑇𝑔𝑔 𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝑏𝑏𝑒𝑒 equals the sample 

temperature although it should be noted that the vitrification process starts when the 

upper bound of the glass transition region equals the sample temperature and ends at the 

lower bound of the transition. After which the material can be said to have reach 

complete vitrification.  

All plots have the measured elapsed time as common variable correlating the 

resulting data from the different techniques when the resin undergoes chemical and 

physical changes. Dash plot lines are generally used to represent experimental 

measurements while solid lines represent the output from theoretical/prediction models. 

At the end of each curing cycle, a small sample of resin was extracted and analyzed by 

DSC to confirm the final degree of cure of the sample. Table 8-1 summarizes the 

relevant measured parameters from each sample for the different curing cycles and is 

presented at the end of the section.   

 

Cure Cycle A 

Results obtained from the measurements conducted on the curing of a neat epoxy 

sample subjected to a two-step curing cycle with a first step at 50℃ for 7 hours 

followed by a second step at 95℃ for 4 hours are presented in Figure 8-2 and Table 8-1.   
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Figure 8-2: Strain, degree of cure, glass transition temperature and sample temperature over 
time: neat resin measurements for curing Cycle A: 2 step curing (7h at 50℃+4h at 95℃).  

As temperature in the sample is raised up to the first plateau of 50℃, the curing 

degree estimated by measurements of DEA starts to increase, indicating that the 

crosslinking reaction is taking place and chemical shrinkage is developing on the liquid 

phase as no induced strain is detected by the optical strain sensor at this stage. A small 

and broad peak (reaching 52℃) is observed in the temperature measurement which can 

be associated with the exothermic reaction.  

Just after about 6 hours when the sample temperature is stabilized at 50℃, the 

FBG sensor starts to measure compressive strain and the defined threshold is reached. 

The resin and FBG sensor become bonded as the resin reaches its gelation state. This 

can be observed as the resin measured strain significantly deviates from the calculated 

optical fiber thermal strain, which remains constant.  As there is no variation in the 

temperature, the strain registered by the sensor is only due to the resin chemical 

shrinkage (𝜀𝜀𝑐𝑐ℎ). At this point, the degree of cure is recorded as 0.82 by the DEA curve 

and 0.77 by the kinetic model curve.  

On the next step, temperature is raised to the 95℃ plateau. During the heating 

stage, the resin continues to induce compressive strain due to chemical shrinkage. 

However, the temperature increase causes the resin to expand inducing contrary tensile 
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strains on the fiber sensor with the latter becoming the dominating effect. As the 

temperature stabilizes at the second step plateau, further chemical induced strain is 

measured by the sensor until little or no variation is observed after 11 hours hinting that 

no further curing is ongoing. This can be confirmed by the DEA measurement and 

kinetic model since at the same time stamp, the degree of cure appear to reach close to 

its maximum, indicating the sample is fully cured.  

On the last stage of the curing, the sample is cooled down to room temperature 

and all the compressive strain measured by the sensor is due to the thermal contraction 

of the resin. The strain slope shift after 15 hours is due to the opening of the oven door. 

The removal of the glass plates holding the sample showed no variation in the strain 

measurement, indicating that these had no constraining effect on the resin during cure.  

Cure Cycle B 

Cycle B is a single step curing profile at 95℃ for 4 hours, a relative high 

temperature resulting in a shorter period of time necessary to achieve a full cure when 

compared to the other curing cycles. Results from measurements are presented in Figure 

8-3 and Table 8-1. 

 

Figure 8-3: Strain, degree of cure, glass transition temperature and sample temperature over 
time: neat resin measurements for curing Cycle B: 1 step curing (4h at 95℃).  
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Compared to Cycle A, heating the sample directly to the 95℃ plateau results in a 

much higher reaction rate and faster crosslinking development on the polymeric 

material, this greatly reduces the time to reach a full cure state, as the curing 

temperature is higher than the maximum glass transition temperature. The time to reach 

gel point of the resin is also considerably reduced. Gelation occurs at 97℃ just after 

over one hour into the cycle when the temperature in the sample is stabilizing after a 

sharp peak at 105℃ caused by the exothermic effect from the curing reaction. The 

degree of cure given by the DEA shows 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = 0.79 while the prediction by the kinetic 

model with measured temperature yields 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = 0.81. Prior to the gelation, no 

shrinkage of the resin is measured by the optical fiber strain sensor. Subsequently after 

this point, and at relative constant temperature, the strain sensor measures the induced 

strain caused by chemical shrinkage of the resin until all reaction is depleted as shown 

by the reduced slope of the strain and degree of cure curves. The chemical strain 

measured yielded 0.19% strain which is accordance to the similar measurement 

conducted in the resin characterization presented in Section 6.6. The last step involves 

the cooling of the sample from the curing temperature to room temperature where the 

strain sensor captures the thermal contraction of the resin material yielding 𝜀𝜀𝑡𝑡ℎ =

0.70%.   

 

Cure Cycle C 

 Curing Cycle C is also a single step curing profile but at lower temperature 

(50℃) and with an increased dwell time of 11h. Measurements of strain and 

temperature are presented in Figure 8-4, however they do not include the DEA 

measurement as technical problems prevented the acquisition of usable data during this 

experiment.  
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 Figure 8-4: Strain, degree of cure, glass transition temperature and sample temperature 
over time: neat resin measurements for curing Cycle C: 1 step curing (11h at 50℃).  

 Similar to the first step in Cycle A, the increase in temperature up to 50℃ results 

in a small exothermic broad peak in the sample. No induced deformation is detected by 

the strain sensor just until over 6h into the measurement, when gelation sets in at 

𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = 0.78 determined from the DoC [KM] curve. This is in accordance with results 

obtained on the sample from curing Cycle A where until this stage the curing 

temperature profile is the same for both. The increase in hold time up to 11h at 50℃ 

allows measuring additional strain due to chemical shrinkage from the resin compared 

to curing Cycle A. During this step, the glass transition temperature reached the curing 

temperature resulting in a slowdown of the curing reaction. However, the material does 

not reach complete vitrification (the lower bound of the transition region is still below 

the curing temperature) which explains why the FBG sensor continues to measure 

chemical strain just until before the sample is cooled down. At this point the kinetic 

model estimates a DoC of 0.87 and a corresponding 𝑇𝑇𝑔𝑔 of 52℃. 

 The last step corresponds to thermal contraction of the sample as it cools down to 

the final temperature yielding a thermal strain of 0.28%. The lack of a last step at a 

curing temperature superior to the maximum 𝑇𝑇𝑔𝑔  prevents the resin to achieve the same 

curing state as other samples. This is not only predicted by the curing kinetic model at 
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the end of the curing cycle but also verified from DSC analysis on the sample which 

showed a slightly higher final degree of cure (0.91) and 𝑇𝑇𝑔𝑔 (60℃). 

 

Cure Cycle D 

 Results for the curing cycle D measurements are represented in Figure 8-5. No 

DEA measurement was possible to obtain for this experiment due to malfunction of the 

equipment at the time. Only the degree of cure given by the kinetic model based on the 

temperature measured is represented.  

 

Figure 8-5: Strain, degree of cure, glass transition temperature and sample temperature over 
time: neat resin measurements for curing Cycle D: 3 step curing (45min at 70℃+6h at 25℃+2h 

at 95℃). 

The increase in temperature on the first step initiates and accelerates the reaction 

rate up to curing levels below the gel point in a relative short period of time, as shown 

by the degree of cure vs time plot. As temperature drops to levels close to room 

temperature after a peak at around 75℃, the reaction rate is reduced considerably. The 

resin at this point is partially cured but still in a liquid phase as no deformation by the 

resin is detected by the FBG sensor. This deformation is only detected after 6h into the 

cycle at an estimated 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = 0.72 and 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 = 26℃ as seen from the deviation between 
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the measured strain by the FBG sensor and its theoretical thermal strain. Only a small 

amount of chemical shrinkage takes place onwards at this temperature as the reaction 

rate is very low due to a progressive change in the kinetics of the reaction from 

chemical to diffusion control. This can be graphically corroborated the by 𝑇𝑇𝑔𝑔 plot which 

shows the glass transition temperature region reaching and overlapping with the curing 

temperature at this stage. As temperature is raised to the 95℃ plateau to complete the 

cure, the reaction rate increases and so does the chemical shrinkage resulting in induced 

compressive strain in the fibre sensor. This is countered by the thermal expansion of the 

resin which is much higher at this stage resulting in tensile strain overall measured by 

the sensor. Once the sample temperature stabilizes at 95℃, only a residual cure remains 

and any chemical strain measured by the sensor at this stage is not noticeable. An 

explanation to the lack of chemical strain could be set by stress relaxation that has been 

known to happen when thermosets are at temperatures above their glass transition in the 

rubbery state [143]. This would produce an opposite effect to the resin chemical 

compressive strain induced on the sensor.  On the other hand, it was noticed that the 

heating rate between room temperature and 95℃ was low (around 0.6℃/min) giving 

enough time for the reaction to be completed during the heating step. By the time the 

temperature stabilizes, only a small portion of uncured resin is left to react.  

After the last step at 95℃, the oven is shut down and the sample is cooled down to 

room temperature. The curing strain measured at this point is about 0.20% which is the 

smallest value measured compared to other cycles and similar to chemical strain 

measured in curing Cycle B. 

The results from curing Cycle D demonstrate that there is a limit on how low the 

curing temperature can be set to reach gelation before vitrification of the material occurs 

resulting in a slowdown of the curing reaction. For this particular resin system, 

designing the cure cycle where the resin reaches gelation at 25℃ is already working in 

the limit since at this temperature both phenomena of gelation and transition from 

rubber to the glassy state happen almost simultaneously. While it only took less than 2 

hours to reach a pre-gelation cure state, it took approximately 4 hours more to reach the 

gel point. The time spared in the first step by accelerating the reaction is then lost as 

much more time is required to ensure that resin and fiber bond together at that particular 

temperature. However certainly, it is faster than just curing at room temperature. This 
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lead to an extra measurement to determine how much time would be required for the 

resin to reach gelation just by curing at room temperature. 

 Figure 8-6 shows the strain measurements of a neat resin sample cured over a 

period of almost 5 days at room temperature (22.5℃ in this case) before being ramp up 

to 95℃ for 4 hours to reach a full cure. This measurement will be denoted as Cycle E.  

 

Figure 8-6: Neat resin measurements of strain, temperature and plotted degree of cure and 𝑇𝑇𝑔𝑔   
for neat resin sample cured at 22.5℃ for over 5 days and then at 95℃ for 4 hours. 

 The strain measurements show that deformation induced in the sensor happens 

after 36h into the measurement suggesting that gelation would take substantially longer 

times to reach if cured at the referred temperature. However, it is quite possible that in 

this case the deformation observed in the sensor may not be caused by gelation but 

vitrification of the material instead. According to the 𝑇𝑇𝑔𝑔 model, the start of deformation 

occurs when most of the 𝑇𝑇𝑔𝑔  transition region is already above the curing temperature. 

At this point, with the epoxy changing from rubbery to glassy state, there could be 

enough increase in stiffness of the material that would induce deformation on the 

sensor. The deformation induced by chemical shrinkage persists until it becomes stable 

around 72h which coincidentally is also about the same time the 𝑇𝑇𝑔𝑔 𝑏𝑏𝑖𝑖𝐿𝐿𝑒𝑒𝑟𝑟 𝑏𝑏𝑖𝑖𝑏𝑏𝑛𝑛𝑑𝑑 of the 
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transition region passes the curing temperature. This would mean that at this point the 

material would reach complete vitrification and the reaction rate becomes virtually non-

existent and that no further shrinkage is measured, as it is observed. This can be 

arguable since this interpretation depends on the accuracy of the kinetic model. 

However, the strongest evidence that gelation did not occurred at room temperature is 

the final curing strain measured of 0.27%. If gelation happened at room temperature, 

similar to curing cycle D, then a final strain of about 0.19% would be expected which 

would then correspond to the curing strain of chemical origin. The higher final curing 

strain suggests that the epoxy just before being heated to 95℃ was an ungelled glass 

which devitrifies as the temperature in the material is increased. This would allow the 

chemical reaction to resume and finally reach gelation which then would take place at a 

temperature superior to the initial one, justifying the higher final curing strain measured. 

This of course may put into question if in Cycle D the deformation detected is also not 

caused by gelation but vitrification instead. However, besides the final strain in Cycle D 

being consistent with gelation at room temperature, there is the thermal history of the 

sample before gelation where the sample is heated to 70℃ on a first step and then 

cooled down to room temperature  although the sample temperature never goes below 

25℃ in the second step. In Cycle E measurement, the sample temperature is always 

consistent at 22.5℃ meaning that the higher temperature in Cycle D may have been 

enough to reach gelation before vitrification. Moreover using the 𝑇𝑇𝑔𝑔 𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝑏𝑏𝑒𝑒 curve as 

reference, it is noticeable that in Cycle D deformation in the sensor occurs before  

𝑇𝑇𝑔𝑔 𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝑏𝑏𝑒𝑒 equals the curing temperature. While in Cycle E, the deformation happens 

after the 𝑇𝑇𝑔𝑔 𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝑏𝑏𝑒𝑒 equals the curing temperature. The measurement represented by 

Cycle E suggests that curing at room temperature (22.5℃) may not be enough for the 

resin to reach gelation, even if long times are allowed. However more research work 

would be needed to confirm this interpretation. 
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Summary of results and discussion 

A summary of the experimental results obtained from the neat resin curing 

measurements are reported in Table 8-1 and discussed in the following sections. 

Table 8-1: Summary of results from the neat resin strain measurements experiments for the 

curing Cycles A, B, C and D 

Curing Cycle A B C D 

Gel Point 

𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏   (℃) 50 97 50 26 

𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏   [KM] 0.77 0.81 0.78 0.72 

𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏   [DEA] 0.82 0.79 - - 

DoC 
(at end of cycle) 

𝛼𝛼final   [KM] 0.98 0.99 0.87 0.98 

𝛼𝛼final   [DSC] 0.98 0.99 0.91 0.98 

Tg 
(at end of cycle) 

Tgfinal  (℃) [model] 78.5 80.5 52 76 

Tgfinal(℃)  [DSC] 78 79 60.0 78 

Matrix 
 strains 

𝜀𝜀𝑚𝑚
𝑐𝑐h (%) - -0.19 -0.04 - 

𝜀𝜀𝑚𝑚
𝑡𝑡h (%) - -0.70 -0.29 - 

𝜀𝜀𝑚𝑚
𝑡𝑡𝑖𝑖𝑡𝑡 (%) -0.53 -0.89 -0.33 -0.20 

 

Degree of Cure 

 Despite the impossibility to gather DEA measurements for curing Cycles C and 

D samples, the ones obtained for the Cycle A and B showed a fair agreement with the 

predictions set by the curing kinetic model. This is more visible for curing Cycle B than 

Cycle A where some deviation is observed caused by a slight different curing rate 

between measured and predicted curves. Adding that in chapter 6.5 where a relative fast 

curing cycle similar to Cycle B was used to characterize the dielectric response, it could 

be argued that faster curing cycles (i.e. higher curing rates) show a better 

correspondence between predicted and measured degree of cure. Nonetheless, the 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏  

determined from the kinetic model and DEA curve are quite similar for the two curing 

cycles where experimental data was possible. These are summarized in Table 8-1 where 

the correspondent 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 is registered showing that gelation occurred at the planned 

isothermal temperatures. 
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 DSC modulated dynamic scans were carried in each sample at the end of the 

respective cure cycle to verify the final degree of cure and glass transition temperature 

obtained. DSC scans can be found in Appendix E while the measured 𝐷𝐷𝑚𝑚𝐶𝐶 and 𝑇𝑇𝑔𝑔 are 

presented in Table 8-1 confirming the fully cured state for samples cured by Cycle A, B 

and D predicted by the 𝐷𝐷𝑚𝑚𝐶𝐶 and 𝑇𝑇𝑔𝑔 model. Generally, values of glass transition 

temperature are slightly below the average maximum glass transition measured by DSC 

and reported in Table 6-1. This can be explained by the heat treatment of the sample 

during the DSC characterization which involved two consecutive dynamic scans. While 

the second measured the maximum 𝑇𝑇g, the first measured the total heat of reaction by 

ramping 0℃ to 250℃ exposing the sample to higher temperatures than the ones used in 

these experiments. The higher temperature could prompt enough energy to promote the 

reaction of isolated pockets of unreacted material, increasing the crosslink density thus 

resulting in higher measured 𝑇𝑇g. The sample partially cured in Cycle C on the other 

hand revealed a difference in measured and predicted 𝛼𝛼final and final 𝑇𝑇g with models 

under predicting the measured values, however the difference is relatively small.  

 

Neat resin curing strains 

 Table 8-1 also summarizes the strain measurements by FBG for all cured 

samples. Only for cycle B and C it is possible to separately measure the contributions 

from chemical and thermal induced shrinkage as these are single step curing cycles. As 

expected, 𝜀𝜀𝑚𝑚
𝑐𝑐h and 𝜀𝜀𝑚𝑚

𝑡𝑡h  are significantly larger for Cycle B than Cycle C cured samples, 

as the sensor captures the full extent of the chemical induced strain and at a higher 

temperature prompting higher thermal strain during cool down. In Cycle A and D, 

substantial cure occurs when heating the material between the isothermal curing steps, 

making it difficult to quantity the chemical induced strain (compressive) due to opposite 

effect of thermal expansion of the resin (tensional). Instead, the total induced strain for 

all samples was measured at the end of the cycle when temperature reaches the initial 

cycle temperature (≈25℃). The magnitude of the total measured curing strain between 

cycles can be ordered from the lowest to highest as D<C<A<B which, with exception of 

curing Cycle C, correlates with an increase in gelation temperature. This can be better 

observed in Figure 8-7 where the total strains measured for the different cycles are 

plotted as function of their respective gelation temperatures.  



 

8 Measurements of curing strain in neat resin 129 

 

Figure 8-7:  Relation between 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 and total measured curing strain for curing Cycles A,B,C and 
D with linear fit regression (Cycle C data point excluded). 

Excluding the partially cured Cycle C sample, a near linear relationship is observed 

where higher gel temperature results in higher compressive strains by the resin on the 

single fiber. Since the chemical strain contribution is always the same due to a full cure 

state of the resin, the major difference resides on the thermal strain which is defined by 

the temperature variation: 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 − 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏. This implies that the temperature profile/path 

after resin and fiber are bonded together may have little or no effect in the total final 

strain. This can be demonstrated by results from curing cycle D where the total strain 

measured equals the chemical strain captured in Cycle B, meaning that thermal strains 

in Cycle D were canceled at the end of the cure (𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 − 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 ≈ 0).    

Processing times 

 Comparing strains with total processing times for all samples can be 

deceiving since during the final cool down ramp, in some cases, the oven door was open 

reducing the total time which otherwise could take up to 8 hours to reach room 

temperature - as exemplified by Cycle D measurement. The long cooling times are a 

combination of factors including the low thermal conductivity of the resin and materials 

composing the experimental setup and the large oven volume which altogether increases 

the heat dissipation times. To establish a common ground for comparison, the time at 

the last isothermal step before the final cool down is considered.  

From all curing cycles, Cycle B sample has the shortest processing time (under 5 

hours) due to a higher curing temperature which increases its reaction rate reaching a 

fully cured state much faster. However, it also registered the higher compressive curing 
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strains at the end of measurement. Cycles A, C and D on the other hand, have similar 

processing times (just below 12h) and the total compressive curing strains measured 

were higher for the Cycle A, followed by Cycle C (although partially cured) and with 

Cycle D having the least compressive curing strains. Comparing Cycle A and D 

considering the total strains measured and summarized in Table 8-1, it can be seen that 

roughly for the same processing times it was possible to reduce by less than half the 

magnitude of compressive strains. In fact, curing Cycle D could be further optimized in 

terms of time if sample temperature could be better controlled by for instance: 

increasing the cooling rate after the first step or reduce the time at the isothermal gel 

temperature. It should be noted that when designing Cycle D, priority was given to 

assure that gelation would happen at the planned temperature instead of a faster curing 

cycle.  

8.3 Conclusions and remarks 

 These set of experimental measurements show that higher curing 

temperatures do not necessarily result in higher curing strains. This is exemplified by 

curing Cycle B and D where initial high temperatures are used with the later showing 

much lower final curing strains. In the same way, longer curing times are not entirely 

required to yield lower curing strains. What is pertinent is how the temperature profile is 

set during the curing cycle taking in consideration the temperature of gelation which 

appears to be a crucial parameter in order to reduce the induced strains from the curing 

process. Results showed that for fully cured samples, higher gelation temperatures will 

result in higher curing induced strains in a near linear relation. Maintaining the same 

gelation temperature, the curing strains can be reduced by partially cure the material. 

Results from the extra measurement where the resin was left to cure at room 

temperature for several days (noted as Cycle E) suggested that gelation may not be 

possible to achieve at temperatures below 25℃ and that the deformation detected by the 

FBG sensor after 36h may be due to vitrification of the material instead – although more 

research work would be needed to confirm this.   

 In these neat resin experiments, the setup resembles what can be called a 

single fiber composite where the volume fraction is close to null. So the strains 

measured by the single fiber are essentially the resin free strains. That is, the resin is 

able to shrink without being imposed constrains resulting in stress free state of the 
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polymeric material. In composite materials on the other hand where Vf>>0, embedded 

fibers acting as reinforcements have a constrain effect on the free movement of the resin 

as it cures resulting in the buildup of a stress state between fiber and matrix. The 

magnitude of the stress in fiber and matrix is considerably different depending on the 

volume fractions. This will be further discussed in the next chapters, but it should be 

noted that the strains measured in neat resin samples give a good indication of the 

effects of curing cycles in the buildup of residual stresses.  Higher curing free strains in 

neat resin correspond to higher process induced residual stresses in composite materials 

subjected to the same curing cycle.  
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9 Measurements of curing strain in composites  

In order to evaluate the effect of residual stresses on the mechanical performance of 

FRPCs, unidirectional glass fibre reinforced epoxy plates of about 4mm in thickness 

were produced according to the curing cycles defined in chapter 7. The results from the 

mechanical testing are presented ahead in chapter 12 and chapter 13. To verify that 

different magnitudes of residual stresses build-up due to the different curing cycles, 

sensors were inserted in the composites plates providing in-situ measurements of 

temperature, degree of cure and curing strains during processing – similar to the neat 

resin measurements. The curing induced strains were measured by FBG sensors 

embedded in the composite plates. The applicability of FBG sensor for strain 

measurements in FRPC materials has been reported in the literature [147], specifically 

for health monitoring purposes in structures such as wind turbine blades [148]. Events 

such as delamination, crack formation and crack growth can be detected by FBG 

sensors due to its high sensitivity to small deformations in the sensor vicinity 

[149][150]. FBG technology has also been applied during processing of FRPCs where 

information about the processing cycle and material behaviour can be obtained either 

for thermoplastic or thermoset matrices [151] [152] [153]. In thermoset composite 

processing, specifically in vacuum assisted resin infusion, FBGs are able to detect the 

resin impregnation flow front [154] [155], vacuum pressure [156][ or measure the 

composite thermal expansion and the curing shrinkage in composite laminates [157] 

[156] [158]. One author addressed the influence of curing cycles in the build-up of 

residual stresses in FRPCs by measuring in-situ the development of curing strains using 

FBG sensors. In the study by Nielsen at al., [97], two distinct curing cycles were used to 

process UD glass fibre reinforced epoxy composites with strains being measured on the 

longitudinal and transverse to the fibres main direction in three positions (top, middle 

and bottom) considering through thickness of an 19mm thick composite. Measurements 

were made from prior to vacuum pressure to after demoulding of the material. Results 

showed that for both cycles during the curing stage, higher compressive strains were 

measured in the transverse direction – matrix dominated – than in the longitudinal 

direction – fibre dominated. The strain magnitudes were also found to be influenced by 

the mould tool which exerted a constraining effect, resulting in lower strains measured 
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by sensors close to the mould. Comparing both curing cycles, results showed that higher 

strains were measured for the single curing step at 80℃ for 180min than the curing 

cycle at 50℃ for 300min with post curing at 90℃ for 120min. The author assumed that 

both cycles resulted in fully cured composites at the end of processing by beforehand 

reproducing the same cycles in DSC analysis of neat resin samples. The difference in 

curing strains resulting from both cycles was therefore attributed to the thermal induced 

strains since the chemical shrinkage is assumed to be equally the same in both cycles. 

The author does not mention explicitly the gelation temperature as key factor governing 

the thermal strains neither apparently was a process parameter considered in the choice 

of curing cycles as in this study. Another difference resides in the development of the 

composite curing state monitoring – which in this work is followed in situ by means of 

DEA embedded sensors and verified at the end of processing by DSC analysis.   

In this chapter, the influence of the different curing cycles in the build-up of 

residual stresses in the produced composite materials is evaluated by measuring the 

curing induced strains in the longitudinal and transverse directions of the UD glass 

fabric. The strain measurement results coupled with sample temperature and predicted 

and measured degree of cure are presented and discussed. The total curing strain values 

obtained for each composite sample will be compared to estimations given by 

micromechanical models presented in chapter 10.  

 

9.1 Methods 

The epoxy resin used as binder material and glass fabric used as reinforcement has 

been described in chapter 5.1 and 5.2 while the sensors employed in measurements and 

experimental procedure has been described in chapters 5.3 and 5.5 respectively. 

 

9.2 Results and discussion 

Experimental measurements of temperature, degree of cure by DEA and curing 

strains in the longitudinal and transverse to the fibres direction for the composite 

samples subject to curing cycles A, B, C and D are presented and discussed in this 

section. 
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Results are presented in the same format as the neat resin cure measurements: two 

stacked plots where the processing related measured quantities are correlated with time 

set as common variable. The top plot shows the measured longitudinal and transverse 

composite curing strains. The calculated FBG thermal strain is also plotted as a 

reference to visually identify the gelation point – same manner used for the neat resin 

results. The bottom plot includes the sample temperature, the degree of cure measured 

in-situ by DEA and predicted by the curing kinetic model and the glass transition 

temperature – plotted as an envelope region with the curves for the middle and upper 

and lower bounds of the transition. The plots solid lines represent the output from 

models (DoC [KM], glass transition temperature (𝑇𝑇𝑔𝑔) and FBG thermal strain (OF 

Strain)) while dash lines represent the experimental data measured (composite curing 

strains, temperature and DoC [DEA]). 

 At the end of each measurement, DSC scans were carried on extracted composite 

samples to verify the final DoC.  Contrary to the neat resin samples, one cannot use the 

residual heat of reaction to estimate the final degree of cure since the DSC samples 

contain a fraction of fibers. Meaning that part of the sample is inert and does not release 

any heat, but the total weight of the sample is still considered when estimating the 

residual heat of reaction (in J/g). This would result in an overestimation of the curing 

degree of the sample. As alternative, the glass transition is measured and the 

DiBenedetto equation (3-1) is used to back calculate the degree of cure. Finally, the 

relevant parameters acquired from this set of measurements are summarized Table 9-1 

at the end of this section.  

Performing measurements in composite samples are significantly more 

challenging than in the neat resin samples. The apparatus involving the vacuum infusion 

process requires the composite plates to be vacuum tight. Leaks can arise not only 

during the infusion procedure but also after it has been concluded and temperature in the 

oven is increased. The initial rise in temperature softens the vacuum bag materials 

which can lead to leaks, requiring that the oven is opened and adjustments to the bag are 

made. Although these operations have no major influence in curing degree and 

temperature measurements, they do have an influence on the FBG which are quite 

sensible to any mechanical deformation in the vicinity of the sensor. The disturbances 

caused signal variations in the strain sensors and were observed for all composite 

measurements during the initial heating ramps. The initial increase in temperature also 
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leads to a decrease in resin viscosity which can lead to further compaction of the fibre 

lay-up causing further disturbances in the FBG sensor. Nonetheless, these variations in 

FBG signal happen when the resin is still liquid, well before the resin gelation point and 

therefore must not be accounted for. The procedure in data treatment was to set the FBG 

optical shift to zero once the signal became steady after these external disturbances 

occurred. After the gel point, the apparatus is stable and no adjustments to the setup 

need to be made, meaning that no disturbances are introduced after the resin and fiber 

sensor are bonded, ruling out potential invalid strain measurements. Another 

modification is related to the strain tolerance at gelation which was reduced from 

0.005% to 0.001%. The presence of fibres strongly reduces the amount of shrinkage the 

FBG sensor is able to measure and in some cases the original threshold is not reached 

even though there is a visible deviation between the curing strain and the theoretical 

optical fibre thermal strain.  

 

Cure Cycle A 

Figure 9-1 shows the measurements results of strain (transverse to the fibre 

direction), degree of cure and temperature for the composite sample cured according to 

two-step curing Cycle A. No longitudinal curing strain was obtained in this sample due 

to experimental difficulties. After the infusion process was completed, the sample was 

heated from room temperature to 50℃ where it was maintained at that temperature for 7 

hours. A second step, involved heating from 50℃ to 95℃ for a dwell period of 4 hours 

until the curing reaction was completed. The composite was then let to cool down to 

room temperature and removed from the tool plate while measurements were still 

performed.  
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Figure 9-1: Strain (transverse to fibres direction), degree of cure, glass transition temperature 
and sample temperature over time: composite measurements for curing Cycle A: 2 step curing 

(7h at 50℃+4h at 95℃). 

As the composite is heated from room temperature to the 50℃ plateau during the 

first step, the crosslinking reaction of the resin takes place. This can be observed by an 

increase of the curing state measured by the DEA. For the initial 6 hours no curing 

induced strain is detected by the FBG sensor, meaning that the crosslink reaction occurs 

when the resin is still in the liquid phase as the resin has not build enough stiffness to 

induce deformation in the fibre sensor. After this period, transverse compressive strains 

start being measured, defining 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 at 0.78 according to DEA and the kinetic model 

curves with temperature of gelation being 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 = 50℃.  The 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 is in good agreement 

with the one registered for the neat resin measurement using the same curing Cycle A. 

After gelation and before temperature is raised to 95℃ for the second curing step, 

compressive strain transverse to the fibres direction is measured only due to chemical 

shrinkage of the resin. The amount of chemical strain measured is relatively small 

compared to the neat resin measurements for the same period. 

During the heating from 50℃ to 95℃ step, the strain measured is the result of 

two opposite competitive effects. The first is compressive strain due to chemical 
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shrinkage caused by a decrease in free volume in the resin as the crosslinking density 

increases. The second and predominant effect is tensile strain induced by the thermal 

expansion of the composite as temperature increases. After reaching the 95℃ plateau 

with temperature remaining constant for 4 hours, further reaction is observed by an 

increase of the curing state measured by DEA.  With temperature being constant, a very 

small amount – almost imperceptible – of compressive strain is measured at this stage 

which is due to chemical reaction. At the end of the 4 hours dwell, the curing state 

indicated by the DEA and predicted by the kinetic model reaches its maximum, 

indicating that the composite material is fully cured. This is confirmed by DSC analysis 

on an extracted sample from the composite panel (Appendix F). 

Finally, the material is cooled down to room temperature. The transverse 

compressive strain measured by the FBG sensor is a result of the thermal contraction of 

the composite as it cools down. A further compressive strain of about -0.025% is 

registered when the composite is removed from the molding glass plate. Contrary to the 

neat resin counterpart where no additional strain is measured, here the additional strain 

results from the relief of the constraining effect posed by the glass plate. 

 

Cure Cycle B 

 

Figure 9-2 shows the measurements results of temperature, curing degree and 

strain (longitudinal and transverse to fibres direction) for the single step at high 

temperature curing Cycle B where the composite is cured at 95℃ for 4 hours. 
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Figure 9-2: Strain (longitudinal and transverse to fibres direction), degree of cure, glass 
transition temperature and sample temperature over time: composite measurements for curing 

Cycle B: 1 step curing (4h at 95℃). 

 

Heating up the composite sample from room temperature to temperatures above 

the resin maximum glass transition temperature skipping intermediary temperature 

holds, results in a faster development of the curing state of the composite. Subjecting 

the sample to higher temperatures in early stages of cure, besides promoting a higher 

curing rate, it also increases the autocatalytic effect which results in higher temperature 

gradients due to the exothermic nature of the epoxy. A temperature peak of 100℃ is 

observed just after the 1st hour into measurement which is 5℃ less than the one 

recorded for the neat resin measurement for the same cycle. Since the thickness of the 

composite and neat resin are about the same (4mm), the difference in peak temperature 

may be a result of fibres being present which reduces the amount of resin mass which 

leads to less heat being generated.  

Compared to composite curing Cycle A, times to reach events such as gelation 

or a fully cured state of the material are greatly reduced. According to the DEA and 

strain measurements, the resin gel point is determined 2 hours into the measurement at 
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0.90 DoC. For the DoC predicted by the kinetic model, the same value of 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 is 

estimated. Compared to other curing cycle measurements (neat resin and composites) 

where 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 ranged between 0.72 and 0.82, this value is somewhat higher. A possible 

explanation may be related with the accommodation of the sensors within the composite 

and interactions with the surrounding fibers. These may have constrained the sensor 

from measuring shrinkage at the time of gelation. It is only after the resin builds enough 

stiffness to overcome these constrains that the sensor starts to measure compressive 

strain resulting in higher determined 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏. 

With temperature remaining relatively constant until about 5 hours into the 

measurement, the curing reaction progresses until the reactants are depleted and the 

resin is fully cured. During this period, the strain sensors measure the compressive 

strain induced by the resin curing reaction with the amount differing due to the position 

of the sensors relative to the fibres 0° and 90° directions. The sensor aligned in the 

longitudinal direction measures a very small amount of chemical induced curing strain. 

This result from the strong constraining effect the fibres impose on the shrinkage of the 

resin in this direction. On the other hand, transverse to the fibre direction, the resin does 

not experience the same constraining effect thus more freedom is allowed for the 

shrinkage of the resin. Resulting on higher cure induced compressive strains relative to 

the longitudinal direction. The same argument can be used to justify the disparity 

between transverse and longitudinal strain measurements as the composite is cool down 

to room temperature. The thermal contraction results in higher compressive strains in 

the transverse rather than in the longitudinal direction.  

Upon demoulding constrains imposed by the glass plate tool are removed. This 

is captured by both strains sensors, although differently. While in the transverse a 

further compressive strain is measured (-0.027%), the sensor in the longitudinal 

direction registers a small tensile recovery strain (about 0.001%). This phenomenon 

could be possibly explained by a Poisson effect on the composite when relieved from 

the constraining tool. As the material contracts in the transverse direction, it will expand 

in the longitudinal direction resulting in positive induced strain. 

 

Cure Cycle C     

Figure 9-3 shows the measurements results for the composite subjected to a one 

single curing step temperature of 50℃ for 11h (Cycle C) resulting in partially cured 
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material at the end of the process. In this measurement only the transverse composite 

curing strains were obtained.  

 

Figure 9-3: Strain (transverse to fibres direction), degree of cure, glass transition temperature 
and sample temperature over time: composite measurements for curing Cycle C: 1 step curing 

(11h at 50℃). 

As the composite is heated to the 50℃ plateau, the curing state of the resin starts 

to develop – as shown by the increase in DoC curves.  No curing induced deformation 

on the strain sensor is expected at this early stage since the resin is still in the liquid 

form.  The variation measured by the strain sensor is therefore related to interactions 

caused by the experimental apparatus as already mentioned at the introduction of this 

section. From the strain plot it can be seen that the signal stabilizes after 2 hours into the 

measurement. It’s only after 6 hours that the sensor detects deformation which can be 

related to the gelation of the resin. This happens at around the same time compared to 

the neat resin measurement counterpart and when compared to the first step in Cycle A 

composite and neat resin measurements. At this point, the 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 can be identified in the 

DoC [DEA] and DoC [KM] curves having respectively values of 0.88 and 0.81. After 

gelation of the resin, the degree of cure continues to increase and further chemical 

induced shrinkage is measured by the strain sensor in the fibres transverse direction. 
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Although from the DoC [DEA] and DoC [KM] curves, it is possible to observe that the 

reaction rate progressively decreases after 7 hours into the measurement. As shown by 

the temperature plot, this is most-likely a consequence of the glass transition 

temperature region reaching the curing temperature level resulting in a slowdown of the 

chemical reaction. The DoC [DEA] also shows signal fluctuation at this stage which has 

been previously observed in chapter 6.5 (Dielectric characterization) and can be 

attributed to reduction in ionic mobility as the material enters the glassy state.  

After 11h and before the cooling step, the measured chemical induced strain in 

the transverse direction is relatively small (-0.005%) compared to the neat resin 

measurement of the same curing cycle (-0.042%). The same is verified when the 

composite sample is cooled to room temperature. The thermal compressive strain in the 

transverse direction is measured to be -0.12% which is less than the thermal induced 

strain measured for the neat resin counterpart (-0.29%).   

Because the strain sensor was broken during the demoulding, it was not possible 

to measure any additional compressive strain as previously observed in the transverse 

strains of composite measurements of Cycle A and B. Therefore, the total transverse 

strain measured from the composite curing Cycle C may be slightly below of the one 

reported in Table 9-1.  

At the end of measurement, the kinetic model predicts 𝛼𝛼 = 0.87 which is 

slightly below the one measured by DSC (𝛼𝛼 = 0.91) on a sample extracted from the 

measured plate. The composite heat treated according to Cycle C, results therefore, in a 

partial cured material. 

 
Cure Cycle D 

 Composite experimental measurements of temperature, degree of cure and strain 

are presented in Figure 9-4 for curing Cycle D. In this measurement, because of 

technical difficulties, it was not possible to obtain the cure induced strain measurements 

in the transverse direction, therefore only the strain longitudinal to the fibre direction is 

reported.  
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Figure 9-4: Strain (longitudinal to fibres direction), degree of cure, glass transition temperature 
and sample temperature over time: composite measurements for curing Cycle D: 3 step curing 

(45min at 70℃+6h at 25℃+2h at 95℃). 

After the composite infusion process was finalized and the oven temperature 

program started, the composite was rapidly heated to 70℃ and maintained at that 

temperature for a short period of time. The composite temperature peaks at 72℃, 

which is smaller than the one measured at this stage for the neat resin counterpart 

(75℃). This is justified by the presence of fibres which reduce the resin fraction 

leading to less heat being generated by the exothermic reaction.   

The initial high temperature step accelerates the resin curing reaction, reaching 

curing levels close to gelation in a relative short period of time. In this stage the resin is 

still liquid and, like the fibres, any dimensional change due to the processing does not 

result in any stress development within the composite as both materials remain 

unconstrained from each other.  

After the first step at 70℃, the composite was cool down to temperatures close 

to room temperature where it remains for nearly 6 hours. In this second step, the 

reaction rate is slowed down as shown by the degree of cure curve estimated from DEA 

measurement and confirmed by the curing kinetic model. Similar to the neat resin 
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measurements of Cycle D, the decrease in reaction rate is due to the rise of the glass 

transition temperature region which reaches the curing temperature in this step. As 

already discussed, there is a shift in the kinetics of the reaction from chemical to 

diffusion where the mobility of the unreacted molecules is further restricted. This also 

explains the DEA noise signal that is observed during this step which is due to reduction 

in ionic mobility and consistent with Cycle C composite measurements and dielectric 

characterization in chapter 6.5.  

 During the 6h temperature hold, it was expected for the strain sensor at some 

point to start measuring compressive strain as the resin would reach its gelation point – 

as seen for the neat resin measurement counterpart. From the measurements obtained, 

this is not verified as the strain sensor does not reach the 0.001% strain threshold that 

would define the gelation point. Also, from the strains plots no major deviation in the 

strain signal from the calculated optical fibre strain is clear.  The absence of a clear start 

of compressive strain in the measurement could be explained by two combined reasons. 

First, the strain sensor is orientated with the fibers main direction which would result as 

verified for cycle B in very low strains due to the constraining effect posed by the fibres 

in this direction. Second, the amount of chemical shrinkage measured at this step of 

Cycle D would be much less than in Cycle B where the curing temperature is well 

above the onset of the glass transition temperature. Instead in Cycle D, gelation would 

happen when the curing temperature and the glass transition region are overlapping, 

leading to very small chemical strain increments that are not detected by the optical 

strain sensor. Therefore, unlike the previous measurements it’s not possible to 

accurately define a gelation point following the procedure established and used on 

previous measurements.  Despite this, it is assumed that the resin has reached its 

gelation point before the temperature is ramped up to 95℃. This is supported by the 

neat resin measurement counterpart where gelation was determined at 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = 0.72. 

Considering that in the isothermal step at room temperature the DoC [KM] of the 

composite measurement varies from 0.70 to 0.76 DoC and since both temperature 

profiles are similar, it is conceivable that gelation also takes place within this range, 

hence at room temperature as planned.  

With the increasing temperature to the third and last step at 95℃, the reaction 

rate increases as the temperature of the sample is again well above the glass transition 

region. Longitudinal thermal expansion of the composite is measured during the heating 

ramp and after the temperature becomes relatively stable, although small, there is some 
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compressive strain measured by the sensor until the reaction is finished after the two 

hours hold.  

After the last step, the oven is turned off and the composite is let to cool down to 

room temperature. Compressive strain is experienced by the strain sensor due to thermal 

contraction of the composite as temperature drops. During removal from the tool glass 

plate after reaching the final temperature, a small tensile recovery is measured by the 

strain sensor. The same phenomenon was observed for composite measurements of 

Cycle B in the longitudinal strain measurement and as explained, this is possible caused 

by a Poisson effect of the material. Once the composite is released from the constraints 

of the tool plate it will further contract in the transverse direction – where there is less 

constraining effect by the fibres on the resin. This could result in some expansion on the 

longitudinal direction as observed the tensile strain measured by the sensor.  
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Summary of results and discussion 

A summary of the experimental results from the composite curing measurements 

reported in this section are represented in Table 9-1. 

Table 9-1: Summary of the relevant results from the composite strain measurements 

experiments for the curing cycles A, B, C and D. (*): parameter assumed. (#): missing 

additional compressive strain from demoulding 

Curing Cycle A B C D 

Gel Point 

𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏   (℃) 50 96 50 26 (*) 

𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏   [KM] 0.78 0.90 0.81 0.72 (*) 

𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏   [DEA] 0.78 0.90 0.88 0.76 (*) 

DoC 
(at end of cycle) 

𝛼𝛼final   [KM] 0.98 0.99 0.87 0.98 

𝛼𝛼final   [DSC] 0.98 0.99 0.91 0.98 

Tg 
(at end of cycle) 

Tgfinal  (℃) [model] 78.6 81.0 52.5 76.0 

Tgfinal(℃)  [DSC] 80.1 81.0 60.5 77.0 

Composite 
 strains 

(after demolding) 

𝜀𝜀1𝑐𝑐 (%) - -0.04 - -0.008 

𝜀𝜀2𝑐𝑐 (%) -0.26 -0.32 -0.12 (#) - 

 

Degree of Cure 

Comparing the predicted curves of DoC by the curing kinetic model to the 

experimental ones obtained from the DEA measurements, there is an overall fair 

agreement between the two. As observed in the neat resin measurements, the agreement 

seems to be better for composite cured by Cycle B where the initial high temperature 

step promotes a higher curing rate. This is also observed for the first heating step from 

room temperature to 70℃ in cycle D.  As for the composites cured by cycles A and C 

(and parts of cycle D) where the curing rates are lower there is some divergence 

between the model and experimental curves. Nevertheless, concerning the values of 

𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 obtained from the analysis of the results and summarized in Table 9-1, the 

experimental and model values are in fair agreement with each other. Moreover, for all 

curing cycles gelation of the resin happens at the isothermal steps as envisaged during 

the curing cycle design (see 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 in Table 9-1). The only arguable exception is cycle D, 
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where for the reasons already discussed in the analysis of the plot results, it is assumed 

that gelation occurs at 26℃  before ramping to the final high temperature step. 

DSC scans performed on the samples extracted from the composite plates to 

evaluate the final degree of cure also show good agreement with the predictions by the 

curing kinetic model. Having composites cured according to Cycle A, B and D fully 

cured at the end of the processing and Cycle C as partially cured.  

For all curing cycles, the final glass transition temperatures predicted by the 

model (𝑇𝑇𝑔𝑔 middle curve) are also in good agreement with the ones measured through the 

DSC scans on samples extracted from the plates. Similar to the neat resin 

measurements, the glass transition temperatures are consistently below the average 

maximum value obtained during the resin characterization (reported in Table 6-1). The 

justification for the difference is the same already given in detail for the neat resin 

measurements and is essentially related to the thermal history of the samples before 𝑇𝑇𝑔𝑔 

was measured. 

 
Composite curing strains 

The total composite curing strains measured in the longitudinal (𝜀𝜀1𝑐𝑐)  and 

transverse (𝜀𝜀2𝑐𝑐) to the fibres main direction for curing Cycles A, B, C and D are reported 

in Table 9-1. Due to the experimental difficulties with the embedment and handling of 

FBG sensors in composites, it was not possible to acquire the data for all samples. 

However for the obtained ones, it is clear that the composite curing strains in each of the 

curing cycles are substantially lower than the curing strains from the neat resin 

counterpart experiments. The difference is more accentuated for composite curing 

strains measured in the longitudinal direction (𝜀𝜀1𝑐𝑐) since the fibres have strong 

constraining effect on the curing shrinkage and thermal contraction of the resin in this 

direction. Taking Cycle B as an example, the neat resin curing strain measured at the 

end of the cycle was -0.89% while the composite in the longitudinal direction resulted 

in -0.04% compressive strain. In the neat resin scenario where 𝐼𝐼𝑓𝑓 ≈ 0, the assumption is 

that the single fibre deforms as much as the shrinkage of the resin. The constraining 

effect posed by the single fibre in this case is essentially none and the resin is basically 

free to shrink and contract during the process, resulting in higher compressive strains 

measured by the fibre sensor. In the composite scenario where 𝐼𝐼𝑓𝑓 ≫ 0, the increase in 

fibre content drastically reduces the resin ability to shrink in this direction resulting in 
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much lower composite curing strains measured. Since the resin is not able to shrink and 

contract as much as it would if unconstrained, it will remain in a tensile residual stress 

state. The opposite occurs in the fibres by shrinking more than they would if left 

unconstrained, leading to a compressive residual stress state in the fibres. 

On the transverse direction (𝜀𝜀2𝑐𝑐), the constraining effect is not so accentuated and 

neither should it expect to be. For curing Cycle B, the composite curing strain was 

measured as 𝜀𝜀2𝑐𝑐 = −0.32%. Due to the parallel arrangement of the unidirectional 

fibres, both materials are allowed to independently shrink and contract in this direction 

where the constraining effect is much reduced or nearly inexistent. Resulting in lower 

compressive curing strains in the composite transverse direction compared to the neat 

resin but higher than the strains measured for the composite in the longitudinal 

direction.  

Comparing the measured composite strains from the different curing cycles it is 

clear that they vary from cycle to cycle. For the longitudinal case, 𝜀𝜀1𝑐𝑐  is lower for Cycle 

D compared to Cycle B. While for the transverse measurements, 𝜀𝜀2𝑐𝑐  is lower for Cycle 

A when compared to Cycle B and Cycle C being lower than Cycle A. Not surprisingly, 

these relations are in the same line with the ones found for the neat resin measurements. 

And in the same way, they are related to the curing state at the end of processing and the 

temperature at which the resin bonds with the fibres, i.e. the temperature of gelation 

(𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏). Considering the fully cured composites, higher 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 results in higher thermal 

differences between 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 − 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 so the thermal strains contributions are higher, 

resulting in higher compressive composite curing strains measured – either for the 

longitudinal or the transverse direction. For curing cycle C, where 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 is the same as 

curing cycle A, the difference results from the partially cured resin thus the chemical 

strain contribution is lower in Cycle C than Cycle A resulting in lower compressive 

composite strains measured for the former.  

 

9.3 Conclusions 

 Despite not obtaining measurements of composite curing strains in all directions 

for all cycles and therefore lacking a complete picture of the relationship between 

curing strains with  𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 and final curing state. The results obtained for composite, and 

supported by the neat resin measurements, show that curing cycles where gelation 
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happens at higher temperature will inevitably result in higher compressive curing strains 

in the composite for the transverse and longitudinal directions. Partially curing the resin 

during processing also shows a decrease in composite strains. However the magnitude 

of these strains is different depending on the direction measured: with much lower 

compressive strains in the longitudinal than in the transverse direction. The disparity is 

explained by the stronger constraining effect in the longitudinal opposed to the 

transverse where for unidirectional fibres, the materials have more freedom to contract 

and expand.  

 The higher constraining effect in the longitudinal direction unavoidably results 

in higher mismatch of the stress free strains between the matrix and fibres leading to the 

development of residual stresses in both resin and fibres during processing.  

 From the neat resin and composite experiments it’s clear that the magnitude of 

the processing curing strains, the residual strains and stresses in the matrix and fibres 

depended heavily on the fibre volume fraction. The influence of this parameter as well 

as the influence of curing cycles, i.e. the temperature of gelation and final cure state will 

be further addressed in the next section with the aid of micromechanical models.  
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10 Composite curing strain models 

In this section, micromechanical models are used to predict the composite curing 

strains as function of the fibre content when subjected to different curing cycles. The 

experimental values of composite strains measured by FBGs in the fibre longitudinal 

and transverse directions obtained in the previous chapter are plotted for comparison 

and discussed. The derivation of some of the equations and the geometric model 

considered were inspired from Madsen et al. [159] work on the investigation of 

dimensional changes in natural fibre reinforced composites due to moisture adsorption 

and consequent development of hygral strains in fibres and matrix.   

  During the cure process of polymer fibre reinforced composites, dimensional 

changes occur due to chemical shrinkage and thermal expansion/contraction of the 

material constituents, i.e. fibres and matrix. In a homogenous and unconstrained 

material, these dimensional changes result in so-called stress free strains being formed 

as the material is allowed to expand or contract with no development of stresses. 

However, in composites there is a mismatch of the fibre and matrix chemical shrinkage 

and thermal expansion/contraction, and the composite dimensional changes are 

constrained by the orientation of the fibres. This leads to the development of an internal 

stress state within the composite with stresses in the fibres and matrix building up 

during processing.  

 Figure 10-1 shows a flow diagram of a representative geometrical element of a 

unidirectional composite composed by a fibre and a matrix part (both isotropic) 

subjected to a generic one-step curing process. The flow diagram highlights the relevant 

stages of gelation, unconstrained and constrained thermal expansion/contraction and 

chemical shrinkage, and their effect on the dimensional changes in the different 

composite directions. The scheme provides a context frame for deriving the curing 

induced strain equations presented ahead. Since the geometrical composite element is 

considered to have only unidirectional fibres, the dimensional changes in the two 

transverse directions (2 and 3) are assumed to be the same. 
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Figure 10-1: Diagram of curing induced dimensional changes in a representative geometrical 
element of unidirectional composites composed of a fibre and a matrix part. Solid lines 

represent the dimensions at each of the stages (A to E), dashed lines represent the dimensions at 
the previous stage, and coloured dotted lines represent the unconstrained dimensional change of 

matrix (light blue) and fibre (dark blue). 

 

 Stage A represents mixing of fibre and matrix at the initial temperature. With no 

curing reaction and temperature variation in this stage, the fibre and matrix strains and 

stresses are null in both directions.  

 In Stage B, as temperature is increased to the curing temperature (𝑇𝑇𝑐𝑐𝑏𝑏𝑟𝑟𝑒𝑒), fibre and 

matrix expand independently of each other. At the same time, shrinkage of the matrix 

develops due to the crosslinking reaction. The thermal expansion and chemical 

shrinkage of the matrix at this stage occurs while still in the liquid phase meaning that 

strain development is unconstrained and no stresses are formed. However, at Stage C 

this changes when the matrix becomes an insoluble gel. At this critical point of the 

curing process (at constant temperature), the chemical shrinkage of the matrix is now 

constrained by the fibres (since 𝜀𝜀𝑒𝑒
𝑐𝑐ℎ = 0) and opposite stresses are starting to be formed 

in fibres and matrix. These stresses will increase until the chemical reaction is depleted 

at Stage D. During cooling down to the final temperature at Stage E, further opposite 

stresses are developed in fibres and matrix due to the mismatch of thermal contraction 

of fibres and matrix.  

 While the above constrained scenario is correct for the longitudinal direction 

where fibres and matrix have a parallel arrangement, it is not correct for the transverse 

direction. The serial arrangement of fibres and matrix in this direction provides an 

∆𝑇𝑇 < 0
Matrix

Fiber

Matrix

Fiber

Stage A
• 𝛼𝛼 = 0
• T = 𝑇𝑇0
• 𝜀𝜀𝑒𝑒 = 𝜀𝜀𝑚𝑚 = 0
• 𝜎𝜎𝑚𝑚 = 𝜎𝜎𝑒𝑒 = 0

∆𝑇𝑇 = 0 ∆𝑇𝑇 = 0∆𝑇𝑇 > 0

Stage B
• 𝛼𝛼 > 0
• T > 𝑇𝑇0
• 𝜀𝜀𝑚𝑚

𝑡𝑡ℎ ≫ 𝜀𝜀𝑒𝑒
𝑡𝑡ℎ > 0

• 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ < 0;  𝜀𝜀𝑒𝑒

𝑐𝑐ℎ = 0
• 𝜎𝜎𝑚𝑚 = 𝜎𝜎𝑒𝑒 = 0

Stage C
• 𝛼𝛼 = 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏
• T = 𝑇𝑇𝑐𝑐𝑏𝑏𝑟𝑟𝑒𝑒 = 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏
• 𝜀𝜀𝑚𝑚

𝑡𝑡ℎ = 𝜀𝜀𝑒𝑒
𝑡𝑡ℎ = 0

• 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ < 0;  𝜀𝜀𝑒𝑒

𝑐𝑐ℎ = 0
• 𝜎𝜎1,𝑚𝑚 ≠ 𝜎𝜎1,𝑒𝑒 ≠ 0
• 𝜎𝜎2,𝑚𝑚 = 𝜎𝜎2,𝑒𝑒 = 0

Stage D
• 𝛼𝛼 = 𝛼𝛼𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏
• T = 𝑇𝑇𝑐𝑐𝑏𝑏𝑟𝑟𝑒𝑒
• 𝜀𝜀𝑚𝑚

𝑡𝑡ℎ = 𝜀𝜀𝑒𝑒
𝑡𝑡ℎ = 0

• 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ < 0;  𝜀𝜀𝑒𝑒

𝑐𝑐ℎ = 0
• 𝜎𝜎1,𝑚𝑚 ≠ 𝜎𝜎1,𝑒𝑒 ≠ 0
• 𝜎𝜎2,𝑚𝑚 = 𝜎𝜎2,𝑒𝑒 = 0

Stage E
• 𝛼𝛼 = 𝛼𝛼𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏
• T = 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏
• 𝜀𝜀𝑚𝑚

𝑡𝑡ℎ ≪ 𝜀𝜀𝑒𝑒
𝑡𝑡ℎ < 0

• 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ =  𝜀𝜀𝑒𝑒

𝑐𝑐ℎ = 0
• 𝜎𝜎1,𝑚𝑚 ≠ 𝜎𝜎1,𝑒𝑒 ≠ 0
• 𝜎𝜎2,𝑚𝑚 = 𝜎𝜎2,𝑒𝑒 = 0

2

13

Matrix

Fiber

Matrix

Fiber

Matrix

Fiber

Stage A
Mixing

Stage B
Stress free dimensional 
changes

Stage C
Fibres and matrix 
bonding (gelation)

Stage D
Constrained curing 
shrinkage;
Stress build up

Stage E
Constrained thermal 
contraction;
Stress build up



 

10 Composite curing strain models 151 

unconstrained scenario where the strains in fibres and matrix remain stress free since no 

stresses are developed.  

 Stages C and E are the relevant curing stages for model predictions of residual 

stresses in fibre and matrix. The two stages represent the beginning and end, 

respectively, where dimensional changes in the composite result in the formation of 

residual stresses. Figure 10-2 shows the overlap of the geometrical element at Stage C 

and E, together with the unconstrained dimensional changes of fibres and matrix. 

 The curing strains can be modelled recurring to micro-mechanical analysis of the 

relative dimensional changes in the longitudinal (𝜀𝜀1) and transverse (𝜀𝜀2) directions. The 

length (𝑙𝑙) and width (𝑤𝑤) represent the material dimensions and their relative change is 

respectively represented as ∆𝑙𝑙 and ∆𝑤𝑤. The superscripts 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 (at Stage C) and  𝛼𝛼𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 

(at Stage E) denote the initial (at gelation) and final stage of composite, fibres and 

matrix.  

 

 

Figure 10-2: Schematic geometrical representation of cure induced dimensional changes from 
gelation (Figure 10-1 – Stage C represented by dashed line) to end of cure (Figure 10-1 – Stage 
E represented by solid line) of a unidirectional composite. The coloured dotted lines (light and 

dark blue) represent the matrix and fibre curing stress free strains.   
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 Taking Figure 10-2 as reference, the composite curing strains from Stage C to E 

can be calculated from the relative dimensional change on the longitudinal (𝜀𝜀1,𝑐𝑐) and 

transverse direction  (𝜀𝜀2,𝑐𝑐) respectively as:  

 

𝜀𝜀1,𝑐𝑐 =
∆𝑙𝑙𝑐𝑐

𝑙𝑙𝑐𝑐
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓 =

𝑙𝑙𝑐𝑐
𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓 − 𝑙𝑙𝑐𝑐

𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓

𝑙𝑙𝑐𝑐
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓  (10-1) 

and  

 

 𝜀𝜀2,𝑐𝑐 =
∆𝑤𝑤𝑐𝑐

𝑤𝑤𝑐𝑐
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓 =

𝑤𝑤𝑐𝑐
𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓 − 𝑤𝑤𝑐𝑐

𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓

𝑤𝑤𝑐𝑐
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓  (10-2) 

 

 The matrix and fibre curing stress free strains (𝜀𝜀𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒), i.e. in the absence of 

constraints, can in the same way be formulated for each direction. In the longitudinal 

direction, matrix and fibre stress free strains can be expressed as:  

 

𝜀𝜀1,𝑚𝑚
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 =

∆𝑙𝑙𝑚𝑚

𝑙𝑙𝑚𝑚
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓 =

𝑙𝑙𝑚𝑚
𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓,𝑓𝑓𝑟𝑟𝑔𝑔𝑔𝑔 − 𝑙𝑙𝑚𝑚

𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓

𝑙𝑙𝑚𝑚
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓  (10-3) 

and  

𝜀𝜀1,𝑒𝑒
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 =

∆𝑙𝑙𝑒𝑒

𝑙𝑙𝑒𝑒
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓 =

𝑙𝑙𝑒𝑒
𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓,𝑓𝑓𝑟𝑟𝑔𝑔𝑔𝑔 − 𝑙𝑙𝑒𝑒

𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓

𝑙𝑙𝑒𝑒
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓  (10-4) 

 

Analogously, in the transverse direction the matrix curing stress free strains are 

expressed as:  

 

 𝜀𝜀2,𝑚𝑚
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 =

∆𝑤𝑤𝑚𝑚

𝑤𝑤𝑚𝑚
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓 =

𝑤𝑤𝑚𝑚
𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓,𝑓𝑓𝑟𝑟𝑔𝑔𝑔𝑔 − 𝑤𝑤𝑚𝑚

𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓

𝑤𝑤𝑚𝑚
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓  (10-5) 

 

and for the fibres as: 

 𝜀𝜀2,𝑒𝑒
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 =

∆𝑤𝑤𝑒𝑒

𝑤𝑤𝑒𝑒
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓 =

𝑤𝑤𝑒𝑒
𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓,𝑓𝑓𝑟𝑟𝑔𝑔𝑔𝑔 − 𝑤𝑤𝑒𝑒

𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓

𝑤𝑤𝑒𝑒
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓  (10-6) 
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10.1 Longitudinal composite curing strains 

 In the longitudinal direction, fibre and matrix are constrained by one another due 

their parallel arrangement. The mismatch between constrained and free strains due to 

curing results in residual strain (𝜀𝜀1
𝑟𝑟𝑒𝑒𝑖𝑖) which can be calculated for the fibre and matrix 

as:  

𝜀𝜀1,𝑒𝑒
𝑟𝑟𝑒𝑒𝑖𝑖 = 𝜀𝜀1,𝑐𝑐 − 𝜀𝜀1,𝑒𝑒

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 =
𝑙𝑙1,𝑐𝑐

𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓 − 𝑙𝑙1,𝑒𝑒
𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓

𝑙𝑙1,𝑒𝑒
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓  (10-7) 

 

𝜀𝜀1,𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 𝜀𝜀1,𝑐𝑐 − 𝜀𝜀1,𝑚𝑚

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 =
𝑙𝑙1,𝑐𝑐

𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓 − 𝑙𝑙1,𝑚𝑚
𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓

𝑙𝑙1,𝑚𝑚
𝑑𝑑𝑔𝑔𝑔𝑔𝑓𝑓  (10-8) 

 

 Considering that within the composite, in the longitudinal fibre direction an 

equilibrium stress state exists between fibre and matrix, the equilibrium equation can be 

written as:   

 

𝜎𝜎𝑐𝑐1 = 𝐼𝐼𝑒𝑒𝜎𝜎1,𝑒𝑒
𝑟𝑟𝑒𝑒𝑖𝑖 + 𝐼𝐼𝑚𝑚𝜎𝜎1,𝑚𝑚

𝑟𝑟𝑒𝑒𝑖𝑖 = 0 (10-9) 
 

Where 𝐼𝐼𝑒𝑒 and 𝐼𝐼𝑚𝑚 are the fibre and matrix volume fractions and 𝜎𝜎1,𝑒𝑒
𝑟𝑟𝑒𝑒𝑖𝑖 and 𝜎𝜎1,𝑚𝑚

𝑟𝑟𝑒𝑒𝑖𝑖 are the 

fibre and matrix residual stresses in the axial direction respectively. Assuming that fibre 

and matrix behave elastically, one can use Hooke´s law to replace the residual stress by 

the residual strains in Equation (10-9). Combining with Equations (10-7) and (10-8) it 

becomes: 

  

𝐼𝐼𝑒𝑒𝐸𝐸𝑒𝑒(𝜀𝜀1,𝑐𝑐 − 𝜀𝜀1,𝑒𝑒
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒) + 𝐼𝐼𝑚𝑚𝐸𝐸𝑚𝑚(𝜀𝜀1,𝑐𝑐 − 𝜀𝜀1,𝑚𝑚

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒) = 0 (10-10) 
 

Rearranging in order to the composite curing strain in the longitudinal direction, it 

becomes:  

 

𝜀𝜀1,𝑐𝑐 =
𝐼𝐼𝑒𝑒𝐸𝐸𝑒𝑒𝜀𝜀1,𝑒𝑒

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 + 𝐼𝐼𝑚𝑚𝐸𝐸𝑚𝑚𝜀𝜀1,𝑚𝑚
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒

𝐸𝐸1,𝑐𝑐
 (10-11) 
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With 𝐸𝐸1,𝑐𝑐 as the composite longitudinal stiffness which can be expressed as 𝐸𝐸1,𝑐𝑐 =

𝐼𝐼𝑒𝑒𝐸𝐸1,𝑒𝑒 + 𝐼𝐼𝑚𝑚𝐸𝐸1,𝑚𝑚. The fibre and matrix stress free strains can be decomposed by their 

chemical and thermal contributions. Considering that fibres and matrix are isotropic, the 

strains contributions are the same in all directions hence there is no need to include the 

direction index. The total strains amount to the sum of the thermal and chemical 

components and can be written as:  

 

𝜀𝜀1,𝑚𝑚
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 = 𝜀𝜀𝑚𝑚

𝑡𝑡𝑖𝑖𝑡𝑡 = 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ + 𝜀𝜀𝑚𝑚

𝑡𝑡ℎ (10-12) 
And  

𝜀𝜀1,𝑒𝑒
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 = 𝜀𝜀𝑒𝑒

𝑡𝑡𝑖𝑖𝑡𝑡 = 𝜀𝜀𝑒𝑒
𝑐𝑐ℎ + 𝜀𝜀𝑒𝑒

𝑡𝑡ℎ (10-13) 
 

where 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ is dependent on the curing state,  𝜀𝜀𝑒𝑒

𝑐𝑐ℎ = 0, and the matrix and fibre thermal 

strains can be calculated as 𝜀𝜀𝑚𝑚
𝑡𝑡ℎ = 𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚∆𝑇𝑇 and 𝜀𝜀𝑒𝑒

𝑡𝑡ℎ = 𝐶𝐶𝑇𝑇𝐸𝐸𝑓𝑓∆𝑇𝑇, where 𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 and 𝐶𝐶𝑇𝑇𝐸𝐸𝑒𝑒 are 

the matrix and fibre coefficients of thermal expansion. ∆𝑇𝑇 is the temperature difference between 

𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 and  𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏.  

 Equation (10-11) can then be rewritten to include the chemical and thermal 

contributions of the stress free strains of fibres and matrix:    

 

𝜀𝜀1,𝑐𝑐 =
𝐼𝐼𝑒𝑒𝐸𝐸𝑒𝑒(𝜀𝜀𝑒𝑒

𝑐𝑐ℎ + 𝐶𝐶𝑇𝑇𝐸𝐸𝑓𝑓∆𝑇𝑇) + 𝐼𝐼𝑚𝑚𝐸𝐸𝑚𝑚(𝜀𝜀𝑚𝑚
𝑐𝑐ℎ + 𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚∆𝑇𝑇)

𝐸𝐸1,𝑐𝑐
 (10-14) 

 

10.2  Transverse composite curing strains 

Due to the serial configuration of fibres and matrix in unidirectional fibre 

composites, the two constituents are allowed to individually expand and contract 

unconstrained in the transverse direction. There is still a mismatch of free strains 

however they do not result in the development of stresses in the composite in this 

direction. Although one must not exclude stress development in the microstructure. The 

transverse model and inherent assumptions are rather simple and do not account for 

effects at the microstructural level. 

To formulate the composite curing strains in the transverse direction, an equation 

originally derived by Schapery [160] and also used by Wolf [120] for the determination 
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of the composite coefficient of thermal expansion was considered. In the case of 

isotropic fibres and matrix, the equation takes the form: 

𝐶𝐶𝑇𝑇𝐸𝐸2,𝐷𝐷 = (1 + 𝜈𝜈𝑒𝑒)𝐼𝐼𝑒𝑒𝐶𝐶𝑇𝑇𝐸𝐸𝑒𝑒 + (1 + 𝜈𝜈𝑚𝑚)𝐼𝐼𝑚𝑚𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 − 𝐶𝐶𝑇𝑇𝐸𝐸1,𝑐𝑐(𝐼𝐼𝑒𝑒𝜈𝜈𝑒𝑒 + 𝐼𝐼𝑚𝑚𝜈𝜈𝑚𝑚) (10-15) 

where 𝜈𝜈𝑒𝑒 and 𝜈𝜈𝑚𝑚 denote the Poisson´s ratio for the fibre and matrix, respectively. 

The equation can be converted to thermal strains using the relation 𝜀𝜀𝑡𝑡ℎ = 𝐶𝐶𝑇𝑇𝐸𝐸 × ∆𝑇𝑇, 

becoming: 

𝜀𝜀2,𝑐𝑐
𝑡𝑡ℎ

∆𝑇𝑇
= (1 + 𝜈𝜈𝑒𝑒)𝐼𝐼𝑒𝑒

𝜀𝜀𝑓𝑓
𝑡𝑡ℎ

∆𝑇𝑇
+ (1 + 𝜈𝜈𝑚𝑚)𝐼𝐼𝑚𝑚

𝜀𝜀𝑚𝑚
𝑡𝑡ℎ

∆𝑇𝑇
−

𝜀𝜀1,𝑐𝑐
𝑡𝑡ℎ

∆𝑇𝑇
(𝐼𝐼𝑒𝑒𝜈𝜈𝑒𝑒 + 𝐼𝐼𝑚𝑚𝜈𝜈𝑚𝑚) (10-16) 

Since ∆𝑇𝑇 is the same for all terms, it can be removed from the equation. And if at each 

thermal strain, the chemical strain is added then the composite curing strain can be reformulated 

as: 

𝜀𝜀2,𝑐𝑐
𝑐𝑐ℎ + 𝜀𝜀2,𝑐𝑐

𝑡𝑡ℎ = �1 + 𝜈𝜈𝑓𝑓�𝐼𝐼
𝑓𝑓
 (𝜀𝜀𝑒𝑒

𝑡𝑡ℎ + 𝜀𝜀𝑒𝑒
𝑐𝑐ℎ) + (1 + 𝜈𝜈𝑚𝑚)𝐼𝐼𝑚𝑚(𝜀𝜀𝑚𝑚

𝑡𝑡ℎ + 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ)

− (𝜀𝜀1,𝑐𝑐
𝑐𝑐ℎ + 𝜀𝜀1,𝑐𝑐

𝑡𝑡ℎ )(𝐼𝐼𝑓𝑓𝜈𝜈
𝑓𝑓

+ 𝐼𝐼𝑚𝑚𝜈𝜈𝑚𝑚) 
(10-17) 

with  𝜀𝜀2,𝑐𝑐
𝑐𝑐ℎ + 𝜀𝜀2,𝑐𝑐

𝑡𝑡ℎ = 𝜀𝜀2,𝑐𝑐
𝑡𝑡𝑖𝑖𝑡𝑡 = 𝜀𝜀2,𝑐𝑐 and 𝜀𝜀1,𝑐𝑐

𝑐𝑐ℎ + 𝜀𝜀1,𝑐𝑐
𝑡𝑡ℎ = 𝜀𝜀1,𝑐𝑐

𝑡𝑡𝑖𝑖𝑡𝑡 = 𝜀𝜀1,𝑐𝑐 corresponding to the 

total curing composite strains in the transverse and longitudinal directions respectively. 

The fibre and matrix summation of their thermal and chemical parts are the total strains 

for the respective material having been defined in Equations (10-12) and (10-13) as the 

stress free strains. Finally, the equation for the curing strain in the transverse direction 

can be stated as:  

𝜀𝜀2,𝑐𝑐 = �1 + 𝜈𝜈𝑓𝑓�𝐼𝐼
𝑓𝑓

 �𝜀𝜀𝑒𝑒
𝑐𝑐ℎ + 𝐶𝐶𝑇𝑇𝐸𝐸𝑓𝑓∆𝑇𝑇� + (1 + 𝜈𝜈𝑚𝑚)𝐼𝐼𝑚𝑚(𝜀𝜀𝑚𝑚

𝑐𝑐ℎ + 𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚∆𝑇𝑇) 

−𝜀𝜀𝑐𝑐1(𝐼𝐼𝑒𝑒𝜈𝜈𝑒𝑒 + 𝐼𝐼𝑚𝑚𝜈𝜈𝑚𝑚) 
(10-18) 

10.3  Model parameters 

Table 10-1 summarizes the required parameters needed to plot the composite 

curing strains in the longitudinal and transverse directions as function of the fibre 

volume fraction. While some of the parameters were obtained through experimental 

measurements, others were calculated or acquired from material datasheets and material 
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databases. The longitudinal and transverse model curves are then presented in Figure 

10-3 and Figure 10-5 respectively for the curing cycles A, B, C and D. 

 

Table 10-1: Summary of the required parameters for the composite curing strain models 

considering curing cycles A, B, C  and D.  Matrix total curing strains measured from the neat 

resin experiments added for comparison with the calculated matrix total strains. 

  Curing Cycle 
  Parameter Units Parameter 

source A B C D 

Temperature 
𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 (⁰C) Measured 50 96 50 26 

𝑇𝑇f𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 (⁰C) Measured 25 25 25 25 
𝛥𝛥𝑇𝑇 (⁰C) Calculated -25 -71 -25 -1 

Fibres 

𝐸𝐸𝑒𝑒 (GPa) Calculated 80.06 80.06 80.06 80.06 
𝐶𝐶𝑇𝑇𝐸𝐸𝑒𝑒 1

𝐾𝐾
×10−4 Datasheet 0.0055 0.0055 0.0055 0.0055 

𝜈𝜈𝑒𝑒  - Literature 0.22 0.22 0.22 0.22 
𝜀𝜀𝑒𝑒

𝑐𝑐ℎ (%) Assumed 0 0 0 0 
𝜀𝜀𝑒𝑒

𝑡𝑡ℎ (%) Calculated -0.00138 -0.00390 -0.00138 -0.00006 
ε𝑒𝑒

𝑡𝑡𝑖𝑖𝑡𝑡 (%) Calculated -0.00138 -0.00390 -0.00138 -0.00006 

Matrix 

𝐸𝐸𝑚𝑚 (GPa) Measured  
(C assumed) 3.00 3.00 3.00 3.00 

𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 1
𝐾𝐾

×10−4 Measured 
 (C measured) 0.99 0.99 1.12 0.99 

𝜈𝜈𝑚𝑚 -  Measured 
 (C assumed) 0.37 0.37 0.37 0.37 

𝜀𝜀𝑚𝑚
𝑐𝑐ℎ (%) Calculated 

 (C measured) -0.19 -0.19 -0.04 -0.19 
𝜀𝜀𝑚𝑚

𝑡𝑡ℎ (%) Calculated -0.25 -0.70 -0.28 -0.01 
ε𝑚𝑚

𝑡𝑡𝑖𝑖𝑡𝑡 (%) Calculated -0.44 -0.89 -0.32 -0.20 
ε𝑚𝑚

𝑡𝑡𝑖𝑖𝑡𝑡 (%) Measured at 
𝐼𝐼𝑒𝑒 ≈ 0 -0.53 -0.89 -0.33 -0.20 

 

The temperature change Δ𝑇𝑇 was calculated from �𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 − 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏� with 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 set as 

the final temperature at the end of curing process (25°C), and 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 set as the temperature 

at which bonding between resin and fibre takes place, as reported in Table 9-1. The 

coefficient of thermal expansion (𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚) of fully cured resin (𝛼𝛼 = 0.99) was 

experimentally obtained, and reported in Table 8-1.  For the partially cured resin 

(𝛼𝛼 = 0.91), the coefficient of thermal expansion was estimated from the strain 

measurements of neat resin using Cycle C. In the case of the glass fibers, the coefficient 

of thermal expansion (𝐶𝐶𝑇𝑇𝐸𝐸𝑒𝑒) was assumed to be the same as the FBG sensor.  
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The total curing strains for fibres (𝜀𝜀𝑒𝑒
𝑡𝑡𝑖𝑖𝑡𝑡) and resin (𝜀𝜀𝑚𝑚

𝑡𝑡𝑖𝑖𝑡𝑡) are the sum of their 

respective chemical (𝜀𝜀𝑐𝑐ℎ) and thermal (𝜀𝜀𝑡𝑡ℎ) components. In the case of the fibres, the 

contribution is only due to the thermal component since there is no strain induced by 

chemical reaction in the glass during processing. For the resin, the chemical strain 

amounts to the same value for curing cycles A, B and D since the resin is fully cured at 

the end of each cycle. For the partially cured resin at 𝛼𝛼 = 0.91, the chemical strain 

measured from Cycle C in the neat resin experiments was considered.   

In the present study, the fibre stiffness (𝐸𝐸𝑒𝑒) was not experimentally measured. 

Instead, the simple rule of mixture (ROM) model for composite stiffness was used to 

back-calculate 𝐸𝐸𝑒𝑒. The longitudinal composite stiffness 𝐸𝐸1,𝐷𝐷 was experimentally 

measured from the first load cycle during fatigue testing of the fully cured composites 

produced according to the different curing cycles. A summary and results from these 

calculations can be found in Appendix D where 𝐸𝐸𝑒𝑒 was estimated to be 80.06GPa which 

is in the range of typical values for glass fibres [161]. The resin stiffness (𝐸𝐸𝑚𝑚) was 

obtained from tensile testing a fully cured neat resin plate giving 𝐸𝐸𝑚𝑚= 3GPa – results for 

the tensile testing can be found in Appendix C. As for the partially cured resin, no 

experimental work was conducted to determine the stiffness and the same value as the 

fully cured resin is considered in the calculations.   

The resin Poisson´s ratio (𝜈𝜈𝑚𝑚) was determined experimentally from tensile 

testing of fully cured neat resin (test summary and results can be found in Appendix C ) 

giving 𝜈𝜈𝑚𝑚 = 0.37, which is within the range of values found in the literature for cured 

epoxies [161].The same value was used for the partially cured resin for cycle C – 

although the Poisson´s ratio for thermosetting materials will depend on the resin curing 

state. As it was demonstrated by Saseendran et.al [161] while investigating the Poisson 

ration cure state dependency for an epoxy resin, the Poisson’s ratio decreases with an 

increasing degree of cure, therefore 𝜈𝜈𝑚𝑚 = 0.37  is an underestimated value for the 

partially cured resin. For the Poisson’s ratio of glass fibres, a value of 𝜈𝜈𝑒𝑒 = 0.22 was 

used [161]. 
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10.4  Longitudinal model predictions and experimental 

data 

 Figure 10-3 shows the model curves for the composite longitudinal curing strains 

predicted by the micromechanical model expressed in Equation (10-14) as function of 

the fibre volume fraction for composites cured according to curing Cycles A, B, C and 

D.  

 The curves for the different curing cycles generally show the same pattern. In 

the absence of fibre content the resin will contract the most. With increasing fibre 

content, the contraction will be gradually restricted resulting in a decrease of the 

composite compressive curing strains in the longitudinal direction. The decrease is more 

pronounced for 𝐼𝐼𝑒𝑒 between 0 and 10% meaning that adding small amounts of fibres 

have a considerable influence on the constraining effect by the fibres on the resin, 

drastically reducing the ability of the resin to shrink in the longitudinal direction. 

Increasing fibre contents above 10%, the constraining effect has a progressively reduced 

influence. 

At 𝐼𝐼𝑒𝑒 = 0,  𝜀𝜀1,𝑐𝑐 = 𝜀𝜀𝑚𝑚
𝑡𝑡𝑖𝑖𝑡𝑡, i.e. the resin is free to shrink. Since the strains originating 

from the chemical reaction (𝜀𝜀𝑚𝑚
𝑐𝑐ℎ) amount to the same for a fully cured resin (see Table 

8-1), the difference between the curves for curing Cycles A, B and D at 𝐼𝐼𝑒𝑒 = 0 

originates from the difference in thermal strains, more specifically, the temperature 

change, ∆T, since the fully cured resin 𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 is the same. Since the final temperature is 

equal for all curing cycles, 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 is therefore the ruling parameter that defines the starting 

point of the curves for Cycle A, B and D. For Cycle D, 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 = 26℃ and the respective 

calculated curing strain is -0.2%. For cycle A, 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 = 50℃ with a curing strain of -

0.44%. While for cycle B, 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 = 96℃ corresponding to -0.89% curing strain. As for 

curing Cycle C, 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 is the same as Cycle A, the lower start point for Cycle C 

(compressive curing strain of -0.33%) results from a combination of lower chemical 

strain and higher coefficient of thermal expansion of the partially cured resin.     

 At 𝐼𝐼𝑒𝑒 = 1, 𝜀𝜀1,𝑐𝑐 = 𝜀𝜀𝑒𝑒
𝑡𝑡𝑖𝑖𝑡𝑡. Since there is no chemical strain in the fibres, the 

resultant strain is only due to the thermal part (𝜀𝜀𝑒𝑒
𝑡𝑡ℎ). Again, the critical parameter is 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 

which rules the difference between the curing cycle curves. This can be better observed 

in the zoomed detail in Figure 10-3. At 𝐼𝐼𝑒𝑒 = 1, curing cycle B is having the lowest 
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composite curing strain and higher 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏. This is followed by Cycle A and Cycle C with 

equal 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏thus resulting in equal strain. And finally Cycle D, where the curing strain is 

nearly null since 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 is almost the same as 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏.  

 

 

Figure 10-3: Composite longitudinal strains as function of fibre volume fraction (solid lines) for 
cure cycle A, B, C and D, together with experimental strain measurements (dots) of neat resin 

and composites with fibre volume fractions of 0.55 for cycle B and 0.51 for cycle D. 

In Figure 10-3 the curing strains experimentally obtained by FBG measurements 

for the neat resin (𝜀𝜀𝑚𝑚
𝑡𝑡𝑖𝑖𝑡𝑡, see Table 8-1 or Table 10-1) and composite samples (𝜀𝜀1𝑐𝑐, see 

Table 9-1) in the longitudinal direction subjected to curing Cycles A, B, C and D are 

plotted for comparison with the respective model curves. The experimental data points 

for the neat resin measurements (at 𝐼𝐼𝑒𝑒 = 0), show a good agreement with the model 

prediction for curing Cycles B, C and D. In case of curing Cycle A, the experimental 

data point (-0.53% strain) is about 0.1% point lower than the one predicted by the model 

(-0.44% strain). No apparent reason was found for this discrepancy between the model 

and experimental value. Most likely it could be related to experimental error. 

 In case of the composites, the experimental data points obtained for curing Cycle 

B and D with fibre volume fractions of 0.55 and 0.51 respectively show a fair 

agreement with the model predictions. This confirms the constraining effect imposed by 

the fibres on the curing shrinkage of the resin and the influence of the different curing 

regimes as predicted by the micromechanical model.  
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10.5  Transverse model predictions and experimental 

data 

Figure 10-5 shows the model curves for the composite transverse curing strains 

predicted by the micromechanical model expressed in Equation (10-17) as function of 

the fibre volume fraction for composites cured according to curing cycles A, B, C and 

D.  

The model curves for the different curing cycles show a similar pattern with 

increasing 𝐼𝐼𝑒𝑒. However unlike the longitudinal compressive strains which were 

continuously decreasing with an increasing 𝐼𝐼𝑒𝑒, the transverse compressive strains have a 

slight increase for lower fiber contents (𝐼𝐼𝑒𝑒 < 0.10) before decreasing as 𝐼𝐼𝑒𝑒  takes higher 

values. To better explain this phenomenon, Figure 10-4 shows the plot for composite 

curing strains in the transverse and longitudinal direction taking Cycle B as an example.   

 

 

Figure 10-4: Composite longitudinal and transverse curing strains as function of fibre volume 
fraction for curing cycle B. 

The initial increase in the transverse compressive strain can be explained by the 

strong constraining effect in the longitudinal direction by the fibres. Since in this 

direction the compressive strain from the matrix is much larger than the fibres – higher 

CTE and chemical strain – it leads to an increase in compressive strain of the composite 
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in the transverse direction due to the Poisson’s effect included in the transverse model. 

However, this increase is opposed by a decrease of compressive strains by the fibres in 

the transverse direction thus resulting in two competitive effects. For low fibre contents 

such as 𝐼𝐼𝑒𝑒 < 0.10, the increase in compressive strain due to the matrix Poisson effect is 

dominant, resulting in an overall increase of the composite transverse compressive 

strain above the pure matrix strain [162] [163]. 

Looking again at Figure 10-5, at 𝐼𝐼𝑒𝑒 = 0 the matrix is free to shrink and the 

transverse compressive strains, like in the longitudinal direction, correspond to the 

stress free strains of the matrix (𝜀𝜀2,𝑐𝑐 = 𝜀𝜀1,𝑐𝑐 = 𝜀𝜀𝑚𝑚
𝑡𝑡𝑖𝑖𝑡𝑡). Likewise at 𝐼𝐼𝑒𝑒 = 1, the transverse 

curing strains correspond to the stress free strains of the fibres (𝜀𝜀2,𝑐𝑐 = 𝜀𝜀1,𝑐𝑐 = 𝜀𝜀𝑒𝑒
𝑡𝑡𝑖𝑖𝑡𝑡). The 

difference between the model curves for the composites cured with the different curing 

cycles originates from the processing parameters and final cure state of the resin. More 

specifically: the gelation temperature, the chemical shrinkage and the matrix coefficient 

of thermal expansion. These factors control the offset difference between curves. 

Compared to the longitudinal curing strains of the composites, the transverse 

curing strains are much higher (in compression) at any given fibre volume fraction. This 

is due to the serial arrangement of fibres and matrix in the transverse direction making 

them less restrained and freer to shrink and contract during curing.   

  

 

Figure 10-5: Composite transverse curing strains as function of fibre volume fraction for curing 
cycle A, B, C and D, together with experimental strain measurements of neat resin and 

composites with fibre volume fractions in the range 0.50 – 0.55. 
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In addition to the model curves of transverse composite curing strains, the 

experimental data points obtained from the neat resin (𝜀𝜀𝑚𝑚
𝑡𝑡𝑖𝑖𝑡𝑡, see Table 8-1 or Table 10-1) 

and composite sample (𝜀𝜀2𝑐𝑐, see Table 9-1) are included in Figure 10-5 for comparison. 

Since the curing strains measured and predicted by the longitudinal and 

transverse models at 𝐼𝐼𝑒𝑒 ≈ 0 are the same due to an isotropic matrix it is evident that the 

experimental data points obtained from the neat resin strain measurements have the 

same level of agreement to both models.   

In the case of composites, the measured strains for the curing Cycles A, B and C 

correspond to composites with fibre volume fractions of 0.50, 0.55 and 0.53 

respectively. Comparing the experimental data points to the respective model curves, it 

is observed that all data points are generally below the model curves, i.e. the measured 

compressive strain in the composites is less than predicted. This discrepancy could be 

explained in part by two main reasons: The first is related to the simplicity of the 

transverse model which does not take into account possible microstructural effects 

which could result in lower compressive strains thus resulting in overestimated 

predictions. The transverse model used here for the composite curing strains shares 

similarities with transverse models used for calculations of mechanical properties, 

which are known to show analogous disagreements compared to experimental data. 

Another reason is the probable constraining effect played by the backing layers in the 

glass fibre fabric which are 80° orientated in relation to the main fibre bundles. This 

could have reduced the magnitude of the compressive strains obtained experimentally. 

During preparation of measurements, in the layup stacking sequence, the backing layers 

were deliberately placed outwards leaving the strain sensor sandwiched between the 

unidirectional fibre bundles. It was hoped that this way, one could mitigate the 

constraining effect of the backing fibres. But allied to the consolidation pressure from 

the VARTM process it would be extremely difficult if not impossible to minimize this 

effect. 
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10.6  Conclusions 

As shown by the composite curing strains models for the longitudinal and 

transverse directions, and further confirmed to some extent by the experimental strain 

measurements, the curing strains development in unidirectional fibre composites 

strongly depend on the fibre volume fraction, the fibre orientation and the processing 

parameters.  

The plots for the curing strain models for longitudinal and transverse direction 

show that the curing strains are essentially of compressive nature due to shrinkage of the 

material. The curves plotted considering the different curing cycles, although with a 

different pattern for the longitudinal and transverse direction, show a similar behavior 

with an offset difference. The offset between curves is controlled by the temperature of 

gelation, the chemical shrinkage and the resin coefficient of thermal expansion. For 

equal final cure state where the resin chemical shrinkage and coefficient of thermal 

expansion are the same (Cycle A, B and D), the compressive curing strains are higher 

for higher temperatures of gelation: being Cycle B the highest followed by Cycle A 

which is followed by Cycle D. For the same temperature of gelation (Cycle A, and C), 

the compressive curing strains are higher for Cycle A than Cycle C due to lower 

chemical shrinkage and higher CTE considering the partially cured resin by Cycle C.  

The model curves for the longitudinal curing strains as function of 𝐼𝐼𝑒𝑒 showed 

that adding small amount of fibres (up to 10%) has a strong constraining effect in the 

composite shrinkage resulting in a significant decrease of the compressive curing 

strains. Increasing the fibre content above 10% however, shows that this decrease is less 

accentuated meaning that adding more fibres produces only a slight increase of the 

constraining effect. The curves plotted for the transverse curing strain model as function 

of 𝐼𝐼𝑒𝑒 showed a rather different behavior. For 𝐼𝐼𝑒𝑒 up to 10% there is an actual increase of 

the compressive curing strains which is explained by a strong constraining effect of the 

fibres in the longitudinal direction and the resin Poisson’s ratio. Increasing 𝐼𝐼𝑒𝑒 above 

10%, results in a steady decrease of the transverse curing strains.   

The ability for the composite to shrink and contract in the transverse direction 

shown by the larger compressive strains (predicted and measured) suggests that the 

constraining effect between matrix and fibres is minimal or none. Indicating that the 

mismatch of matrix and fibre free strains from where residual stresses could buildup is 
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none or at very least reduced. On the longitudinal, on the other hand, the composite 

compressive strains predicted and measured are significantly smaller due to the stronger 

constraining effect by the fibres thus resulting in larger mismatch of free strains. The 

buildup of processing induced residual stresses is therefore more significant in the 

longitudinal direction and shall be addressed in the next chapter. 
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11 Determination of residual strain and stress in 
composites 

11.1  Models derivation 

In this section, equations for residual strains and stresses in fibres and matrix are 

derived with values being estimated for the different curing cycles. Since in 

unidirectional composites residual stresses develop mostly in the longitudinal rather 

than in the transverse direction, the former is considerably more relevant and therefore 

only residual stresses in the longitudinal direction will be addressed. 

From the stress balance Equation (10-9), the residual stress in the matrix can be 

expressed as: 

 

𝜎𝜎1,𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = −

𝐼𝐼𝑓𝑓𝜎𝜎1,𝑒𝑒
𝑟𝑟𝑒𝑒𝑖𝑖

𝐼𝐼𝑚𝑚
 (11-1) 

 

Using Hooke´s law, the residual stress in the fibre can be related to the residual strain as 

𝜎𝜎1,𝑒𝑒
𝑟𝑟𝑒𝑒𝑖𝑖 = 𝐸𝐸𝑒𝑒𝜀𝜀1,𝑒𝑒

𝑟𝑟𝑒𝑒𝑖𝑖. The residual strain in the fibre results from the mismatch between the 

strain of the composite and the stress free strain of the fibres, as already referred in 

Equation (10-7). Equation (11-1) can then be written as:      

 

𝜎𝜎1,𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = −

𝐼𝐼𝑓𝑓𝐸𝐸𝑒𝑒(𝜀𝜀1,𝑐𝑐 − 𝜀𝜀1,𝑒𝑒
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒)

𝐼𝐼𝑚𝑚
 (11-2) 

 

Introducing the composite strain in the longitudinal direction (𝜀𝜀1,𝑐𝑐) as defined by 

Equation (10-11), Equation (11-2) becomes:  

 

𝜎𝜎1,𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = −

𝐼𝐼𝑓𝑓𝐸𝐸𝑒𝑒(
𝐼𝐼𝑒𝑒𝐸𝐸𝑒𝑒𝜀𝜀1,𝑒𝑒

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 + 𝐼𝐼𝑚𝑚𝐸𝐸𝑚𝑚𝜀𝜀1,𝑚𝑚
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒

𝐸𝐸1,𝑐𝑐
− 𝜀𝜀1,𝑒𝑒

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒)

𝐼𝐼𝑚𝑚
 

(11-3) 
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To simplify, one can reduce the upper fraction to the same denominator, and since 

𝐸𝐸1,𝑐𝑐 = 𝐼𝐼𝑒𝑒𝐸𝐸1,𝑒𝑒 + 𝐼𝐼𝑚𝑚𝐸𝐸1,𝑚𝑚 it becomes:  

 

𝜎𝜎1,𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = −

𝐼𝐼𝑓𝑓𝐸𝐸𝑒𝑒(
𝐼𝐼𝑒𝑒𝐸𝐸𝑒𝑒𝜀𝜀1,𝑒𝑒

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 + 𝐼𝐼𝑚𝑚𝐸𝐸𝑚𝑚𝜀𝜀1,𝑚𝑚
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 − 𝐼𝐼𝑒𝑒𝐸𝐸1,𝑒𝑒𝜀𝜀1,𝑒𝑒

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 − 𝐼𝐼𝑚𝑚𝐸𝐸1,𝑚𝑚𝜀𝜀1,𝑒𝑒
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒

𝐸𝐸1,𝑐𝑐
)

𝐼𝐼𝑚𝑚
 

(11-4) 

 

The terms 𝐼𝐼𝑒𝑒 𝐸𝐸1,𝑒𝑒 𝜀𝜀1,𝑒𝑒
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 of opposed signals are cancelled out and isolating the strain 

parameters it becomes: 

 

𝜎𝜎1,𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = −

𝐼𝐼𝑓𝑓𝐸𝐸𝑒𝑒𝐼𝐼𝑚𝑚𝐸𝐸𝑚𝑚

𝐼𝐼𝑚𝑚 𝐸𝐸1,𝑐𝑐
(𝜀𝜀1,𝑚𝑚

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 − 𝜀𝜀1,𝑒𝑒
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒) (11-5) 

 

Finally, with 𝐼𝐼𝑚𝑚 removed and swapping the signal inside and outside the brackets, the 

matrix residual stress can be written as function of the mismatch of the matrix and fibres 

free strains as:  

 

𝜎𝜎1,𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 =

𝐼𝐼𝑓𝑓𝐸𝐸𝑓𝑓𝐸𝐸𝑚𝑚

𝐸𝐸1,𝑐𝑐
(𝜀𝜀1,𝑒𝑒

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 − 𝜀𝜀1,𝑚𝑚
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒) (11-6) 

 

Having defined an equation for the residual stress in the matrix, Hooke´s law can be 

used to modify the equation into matrix residual strain: 

 

𝜀𝜀1,𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 =

𝐼𝐼𝑓𝑓𝐸𝐸𝑓𝑓

𝐸𝐸1,𝑐𝑐
(𝜀𝜀1,𝑒𝑒

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 − 𝜀𝜀1,𝑚𝑚
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒) (11-7) 

 

The fibre residual stress and strain can be determined in an analogous way, resulting in 

an equation for the residual stress in the fibres:   

 

𝜎𝜎1,𝑒𝑒
𝑟𝑟𝑒𝑒𝑖𝑖 =

𝐼𝐼𝑚𝑚𝐸𝐸𝑚𝑚𝐸𝐸𝑒𝑒

𝐸𝐸1,𝑐𝑐
(𝜀𝜀1,𝑚𝑚

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 − 𝜀𝜀1,𝑒𝑒
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒) (11-8) 

 

And an equation for the residual strain in the fibres: 
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𝜀𝜀1,𝑒𝑒
𝑟𝑟𝑒𝑒𝑖𝑖 =

𝐼𝐼𝑚𝑚𝐸𝐸𝑚𝑚

𝐸𝐸1,𝑐𝑐
(𝜀𝜀1,𝑚𝑚

𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 − 𝜀𝜀1,𝑒𝑒
𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒) (11-9) 

 

These equations show that the residual strains and stresses in the matrix and 

fibres are a function of their elastic properties, the fibre volume fraction in the 

composites, and the mismatch of stress free strains - with the stress free strains being 

dependent on the matrix curing chemistry and processing parameters.  

 

11.2  Residual strain and stress as function of 𝑽𝑽𝒇𝒇 

Figure 11-1 shows the residual strains model curves of the matrix and fibre as 

calculated by Equations (11-7) and (11-9), while Figure 11-2 shows the residual stresses 

model curves of the matrix and fibre as calculated by Equations (11-6) and (11-8). In 

both figures the model curves are presented for curing Cycles A, B, C and D. The model 

parameters used to calculate the residual strains and stresses were discussed in section 

10.3 and summarized in Table 10-1. 

 

 

 

Figure 11-1: Model curves of matrix (solid lines) and fibres (dotted lines) residual strain in the 
longitudinal direction as function of fibre volume fraction for composites processed by curing 

cycles A, B, C and D.  
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Figure 11-2: Model curves of matrix (solid lines) and fibres (dotted lines) residual stress in the 
longitudinal direction as function of fibre volume fraction for composites processed by curing 

cycles A, B, C and D.    

 

From the residual strain plot in Figure 11-1, it is observed that for all curing 

cycles for any value of 𝐼𝐼𝑒𝑒, the residual strain in the matrix is positive while negative in 

the fibres. Although both matrix and fibres contract during the cure process, the stress 

free strains in the matrix – resulting from chemical shrinkage and high thermal 

contraction – are significantly larger than the stress free strains of the fibres. Since the 

matrix is constrained by the fibres it will only shrink and contract as much as the fibres 

allows to. This difference results in positive residual strain in the matrix induced by the 

constraining fibre. However, the opposite happens in the fibres which contracts more 

than they would if not bonded to the matrix, and this results in a negative residual strain 

of the fibres.  Since the composite remains in stress equilibrium, the matrix is in tension 

while the fibres are in compression, as shown by the residual stress plots in Figure 11-2. 

As can be seen from the plots in Figure 11-1 and Figure 11-2, the fibre content 

defines the magnitude of the residual strains and stresses in fibres and matrix. At 𝐼𝐼𝑒𝑒 ≈

0, the matrix is virtually free to shrink and contract resulting in residual strain and stress 

close to null. At this 𝐼𝐼𝑒𝑒, an hypothetical fibre would experience large deformation 

resulting in a fibre residual strain equivalent to the stress free strain of the matrix, which 
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essentially is the same principle used in the neat resin strain measurements with the 

FBG sensor. 

With increasing fibre volume fraction, the matrix becomes further constrained 

by the fibres. This results in a lower ability for the matrix to shrink freely and while this 

translates into an increase of residual tensile strains and stresses in the matrix, the 

compressive residual strains and stresses in the fibres are reduced. This change is more 

accentuated at lower fibre contents and less pronounced at higher fibre contents. 

At 𝐼𝐼𝑒𝑒 ≈ 1, the residual strain in the fibres is virtually null and so is the residual 

stress. At this point, the residual strain in the matrix equals its stress free strain, and 

therefore also at the maximum tensile residual stress.  

In Figure 11-1 and Figure 11-2 the cases of 𝐼𝐼𝑒𝑒 ≈ 0 and 𝐼𝐼𝑒𝑒 ≈ 1 are of course not 

practical or realistic when producing composites. The cases are referred here as 

extremes cases that nevertheless can underline the curing effects on the buildup of 

residual strains and stresses. For the vast majority of composites, the fibre volume 

fractions will vary between 0.40 and 0.60. In this range, as can be observed in the plots, 

the residual stresses and strains in the matrix and fibres will result in relatively small 

increments. Instead, as can be observed from the model curves, the applied curing 

cycles will have a clear effect on the magnitude of residual stresses and strains. 

As shown by the plots represented in Figure 11-1 and Figure 11-2, the residual 

tensile stresses and strains in the matrix will be lowest for cure cycle D, and then it will 

be successively increased for cure cycles C, A and B. The same relation is observed 

when looking at the increase in residual compression strains and stresses in the fibres. 

The processing conditions for each curing cycle have therefore a direct influence on the 

buildup of residual strains and stresses. Specifically the processing time and temperature 

which dictates the final degree of cure and consequentially the amount of chemical 

shrinkage and the coefficient of thermal expansion of the resin. However and most 

importantly, the temperature at which fibres and resin bond together is a critical 

parameter which in this work we denoted as 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏. With Cycle D having the lowest 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏, 

it results in lower residual strains and stresses as observed.  
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11.3  Residual strain and stress as function of 𝑻𝑻𝜶𝜶𝜶𝜶𝜶𝜶 

To better understand the variation of residual strains and stresses with 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏, Figure 

11-3 and Figure 11-4 show respectively the plots for the residual strains and stresses in 

the matrix and fibres as function of 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏. To explicitly see the dependence on the 

temperature of gelation, the equations for the residual strains (Equations (11-7) and 

(11-9)) can be further decomposed as: 

 

𝜺𝜺𝟏𝟏,𝒎𝒎
𝒓𝒓𝜶𝜶𝒓𝒓 =

𝐼𝐼𝑓𝑓𝐸𝐸𝑓𝑓

𝐼𝐼𝑒𝑒𝐸𝐸𝑒𝑒 + (1 − 𝐼𝐼𝑒𝑒)𝐸𝐸𝑚𝑚
(𝜀𝜀𝑒𝑒

𝑐𝑐ℎ − 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ + (𝐶𝐶𝑇𝑇𝐸𝐸𝑓𝑓 − 𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚)(𝑇𝑇𝑓𝑓𝑖𝑖𝑛𝑛𝑎𝑎𝑙𝑙 − 𝑻𝑻𝜶𝜶𝜶𝜶𝜶𝜶)) (11-10) 

 

and 

  

𝜺𝜺𝟏𝟏,𝒇𝒇
𝒓𝒓𝜶𝜶𝒓𝒓 =

(1 − 𝐼𝐼𝑒𝑒)𝐸𝐸𝑚𝑚

𝐼𝐼𝑒𝑒𝐸𝐸𝑒𝑒 + (1 − 𝐼𝐼𝑒𝑒)𝐸𝐸𝑚𝑚
(𝜀𝜀𝑚𝑚

𝑐𝑐ℎ − 𝜀𝜀𝑒𝑒
𝑐𝑐ℎ + (𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 − 𝐶𝐶𝑇𝑇𝐸𝐸𝑓𝑓)(𝑇𝑇𝑓𝑓𝑖𝑖𝑛𝑛𝑎𝑎𝑙𝑙 − 𝑻𝑻𝜶𝜶𝜶𝜶𝜶𝜶)) (11-11) 

 

 

In the same way, the residual stresses expressed by Equations (11-6) and (11-8) can be 

decomposed as: 

 

𝝈𝝈𝟏𝟏,𝒎𝒎
𝒓𝒓𝜶𝜶𝒓𝒓 =

𝐼𝐼𝑓𝑓𝐸𝐸𝑓𝑓𝐸𝐸𝑚𝑚

𝐼𝐼𝑒𝑒𝐸𝐸𝑒𝑒 + (1 − 𝐼𝐼𝑒𝑒)𝐸𝐸𝑚𝑚
(𝜀𝜀𝑒𝑒

𝑐𝑐ℎ − 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ + (𝐶𝐶𝑇𝑇𝐸𝐸𝑓𝑓 − 𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚)(𝑇𝑇𝑓𝑓𝑖𝑖𝑛𝑛𝑎𝑎𝑙𝑙 − 𝑻𝑻𝜶𝜶𝜶𝜶𝜶𝜶)) (11-12) 

 

and 

 

𝛔𝛔𝟏𝟏,𝐟𝐟
𝐫𝐫𝐫𝐫𝐫𝐫 =

(1 − 𝐼𝐼𝑒𝑒)𝐸𝐸𝑚𝑚𝐸𝐸𝑒𝑒

𝐼𝐼𝑒𝑒𝐸𝐸𝑒𝑒 + (1 − 𝐼𝐼𝑒𝑒)𝐸𝐸𝑚𝑚
(𝜀𝜀𝑚𝑚

𝑐𝑐ℎ − 𝜀𝜀𝑒𝑒
𝑐𝑐ℎ + (𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 − 𝐶𝐶𝑇𝑇𝐸𝐸𝑓𝑓)(𝑇𝑇𝑓𝑓𝑖𝑖𝑛𝑛𝑎𝑎𝑙𝑙 − 𝑻𝑻𝜶𝜶𝜶𝜶𝜶𝜶)) (11-13) 

 

The parameters required to plot the respective curves, can be found in table Table 

10-1 with 𝐸𝐸𝑚𝑚, 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ and 𝐶𝐶𝑇𝑇𝐸𝐸𝑚𝑚 being considered for the scenario where the resin is fully 

cured. The fibre volume fractions of 𝐼𝐼𝑒𝑒 = 0.50 and 𝐼𝐼𝑒𝑒 = 0.55 - which are within the 

range of composites produced - are used as examples to plot the curves.  
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Knowing the fibre volume fraction of the composites produced by the different 

curing cycles, the residual stresses and strains in both matrix and fibres can be 

estimated. Due to its simplicity, the model assumes that both materials behave 

elastically and although for the fibres that is a fair assumption, polymeric matrices are 

prone to plastic deformation for which the model can overestimate the stress values.  

Considering the case for Cycle B where the resin yields the highest residual strains at 

0.86% and comparing to the neat resin tensile test results in Appendix C, it is noticed 

that epoxy is still well inside the elastic regime at that strain value. Thus the residual 

stress values calculated for each of the fully cured manufactured composites should be 

acceptable. For the partially cured resin no tensile tests were made that could verify in 

which range the partial cured resin behaves elastically. But at 0.32% residual tensile 

strain calculated for Cycle C, due to its small magnitude it is assumed that the stress 

level is correct.  

In Figure 11-3, data points for matrix and fibre residual strains in the composites, 

as estimated from Equations (11-10) and (11-11), are presented while Figure 11-4 shows 

data points for the matrix and fibre residual stresses estimated using Equations (11-12) 

and (11-13).  

 

Figure 11-3: Matrix and fibre residual strain as function of gelation temperature (𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏) plotted 
with data points calculated for composites processed by curing cycle A (𝐼𝐼𝑒𝑒 = 0.50), cycle B 

(𝐼𝐼𝑒𝑒 = 0.55), cycle C (𝐼𝐼𝑒𝑒 = 0.53)  and cycle D (𝐼𝐼𝑒𝑒 = 0.51). 
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Figure 11-4: Matrix and fibre residual stress as function of gelation temperature (𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏) plotted 
with data points calculated for composites processed by curing cycle A (𝐼𝐼𝑒𝑒 = 0.50), cycle B 

(𝐼𝐼𝑒𝑒 = 0.55), cycle C (𝐼𝐼𝑒𝑒 = 0.53)  and cycle D (𝐼𝐼𝑒𝑒 = 0.51).  

The plots in Figure 11-3 and Figure 11-4 show a linear relationship between the 

residual strains and stresses in the matrix and fibres with the gelation temperature. 

While the curves for the matrix increase in tension (positive slope) the fibre curves 

increase in compression (negative slope) with the rise of 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏. The magnitude of the 

slope in the curves is controlled by the fractional term in the equations, i.e. the stiffness 

of the materials and the fibre volume fraction. When the difference between the fibre 

and matrix stress free strains in the following terms of the equation is null, the residual 

strains and stresses are also null. This can be seen graphically when the fibre and matrix 

curves intercept each other at a certain 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏. For temperatures above this point, the resin 

is in a tension state while the fibres remain in compression. This is reversed for 

temperatures below that specific 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏, i.e., the matrix becomes in compression and the 

fibres in tension. 

In Figure 11-3, the tensile residual strains in the matrix substantially increases with 

higher 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏, the fibres on the other hand, experience very little increase of compressive 

residual strains. Showing that for the manufactured composites, where 𝐼𝐼𝑒𝑒 ranged from 

0.5 to 0.55, 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 has little impact on the buildup of compressive residual strains in the 

fibres but large influence on the matrix tensile residual strains. This is due to the 



 

11 Determination of residual strain and stress in composites 173 

difference in stiffness of both materials and since 𝐸𝐸𝑒𝑒 ≫ 𝐸𝐸𝑚𝑚, the residual strains in the 

fibre, which are controlled by the matrix stiffness, are much lower.  

Considering the curve for 𝐼𝐼𝑒𝑒 = 0.50 in Figure 11-3, it can be seen that with the increase 

of 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 the residual stresses in the matrix and fibres also increase in the same magnitude 

but with opposite signals. Since matrix and fibres are in a stress state equilibrium, at 

𝐼𝐼𝑒𝑒 = 0.50 the absolute values of tensile and compressive stresses are the same – this is 

verified for the composite produced according to Cycle A which has the same 𝐼𝐼𝑒𝑒. For 

curing Cycles B, C and D data points, the differences in between the calculated tensile 

and compressive stresses results from the slightly higher fibre content for these 

composites. 

Overall, the increase in temperature of gelation above the final temperature results in 

larger thermal strains (and stresses) due to the larger difference between 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 and 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏. 

Since the final temperature is the same in all curing cycles, decreasing the temperature 

at which gelation occurs – i.e.  reducing the difference between 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 and 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 – will 

result in a decrease of the residual stresses in the composite. This is exemplified by the 

composite produced according to cycle D where 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 ≈ 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏  resulting in removal of 

the thermal strains mismatch where the remaining residual stresses are only originated 

by the matrix chemical shrinkage.  

 To totally eliminate the residual stresses in matrix and fibres, i.e. the point where 

both curves intercept, the chemical strain (𝜀𝜀𝑚𝑚
𝑐𝑐ℎ) in the resin would have to be 

compensated by having a 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 < 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏. In this case 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 would have to be around 5.7℃, 

which is about 19℃ lower than the final temperature. In practical terms it would be 

hard to achieve gelation at this temperature since the glass transition temperature (𝑇𝑇𝑔𝑔) 

would reach the curing temperature (𝑇𝑇𝑐𝑐𝑏𝑏𝑟𝑟𝑒𝑒) before gelation of the resin occurred. This 

would reduce considerably the curing rate resulting in a large amount of processing time 

required until gelation occurs. This can be verified by back calculating the degree of 

cure from the Di-Benedetto equation ((3-1) at which 𝑇𝑇𝑔𝑔 = 𝑇𝑇𝑐𝑐𝑏𝑏𝑟𝑟𝑒𝑒). At 𝑇𝑇𝑐𝑐𝑏𝑏𝑟𝑟𝑒𝑒 = 5.7℃ the 

degree of cure is about 𝛼𝛼 = 0.60. This is quite lower than the 𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 measured in this 

work which is the range of 0.72 to 0.81 degree of cure, meaning that it would take, 

under an economical point of view an unreasonable amount of time to reach gelation.  
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Composite service temperature    

 

In the experimental work presented in the previous chapter and in these 

calculations, the 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 was set to be at room temperature (assumed to be 25℃). This 

seemed to be the obvious choice since it’s about the same as the initial temperature once 

processing is started, and the temperature at which the manufactured composites are 

mechanically tested. Taking this temperature as reference, the curing cycles were 

designed so 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 could be varied in order to yield different amounts of ∆𝑇𝑇, resulting in 

higher or lower levels of residual stresses in the composite.  

However, one could considerer a scenario where the temperature at which the 

composite will be working is other than room temperature since wind turbines may 

operate in locations subjected to extreme environmental conditions. Therefore, in order 

to mitigate or even reach zero net residual stresses in the composite, a different 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 

would have to be considered when designing the processing curing cycle. To better 

understand this Figure 11-5 shows the plot for the residual stresses in the fibre and 

matrix using equations (11-12) and (11-13) where the final temperature (or service 

temperature of the composite) is set as 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 = 60℃. 

 

 

Figure 11-5: Matrix and fibre residual stress as function of gelation temperature (𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏) plotted 
considering 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 = 60℃. 
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The plot shows that for achieving zero residual stresses in the composite at the 

service temperature of 60℃, the design of the curing cycle would have to consider a 

curing temperature where 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 = 41℃. The same 19℃ as previous shown, lower than 

the final temperature required for compensating the chemical strain (𝜀𝜀𝑚𝑚
𝑐𝑐ℎ) originating 

from the resin shrinkage. In a hypothetical scenario where there would be no chemical 

strain, i.e. 𝜀𝜀𝑚𝑚
𝑐𝑐ℎ = 0, then there would be no need for thermal compensation and 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 

could be set to be equal to 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 resulting in zero net residual stresses in the composite 

at  60℃ as shown in the following Figure 11-6.  

 

Figure 11-6: Matrix and fibre residual stress as function of gelation temperature (𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏) plotted 
considering 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 = 60℃ and 𝜀𝜀𝑚𝑚

𝑐𝑐ℎ = 0. 

Of course this is a hypothetical and rather unrealistic scenario since there will be always 

some contribution of strains originating from the chemical shrinkage of the resin. 

However, the amount of chemical strain could be limited by not fully cure the resin 

during composite processing. This is exemplified by curing cycle C which is similar to 

cycle A having the same 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 = 50℃ and 𝑇𝑇𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑏𝑏 = 25℃ but without the second step at 

higher temperature, resulting in cure state of 𝛼𝛼 = 0.91. The estimated residual strains 

and stresses for the composite produced according to cycle C were shown in Figure 

11-3 and Figure 11-4. These are lower in magnitude when compared to the ones 

calculated for composites produced according to cycle A. Showing that partially curing 

the resin results in an overall reduction of the residual stresses.   
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Although to partially cure a composite poses an alternative approach to reduce 

the amount of process induced residual stresses, it does come with some drawbacks. 

The reduction in stiffness of the resin would reduce the stiffness of the composite even 

though it would be expected to have little effect since 𝐸𝐸𝑒𝑒 ≫ 𝐸𝐸𝑚𝑚, meaning that the 

strength of the composite would still be largely controlled by the fibres. Most 

importantly, there would be a health hazard issue to take into consideration since within 

the resin there would be some amount of unreacted material which in case of epoxy 

resins, are known to be harmful to the human body. Therefore it can be argued that 

partially cure a composite may not be the best approach unless measures are taken to 

prevent exposure to unreacted material during handling or operation of the composite.  

 

11.4  Conclusions 

In this chapter the derived models demonstrated that regardless of the curing 

cycles employed in this study or the fibre content in the composite, the residual strains 

and stresses due to the curing process are tensional in the matrix and compressive in the 

fibres. This results from the mismatch of stress free strains between both materials 

where the matrix stress free strains are substantially higher than the fibres. Since the 

matrix is constrained by the fibres it only shrinks as much as the fibres allows to. The 

difference results in a positive strain in the matrix induced by the constraining fibres 

while a negative strain builds in the fibres as they contract more than they would if 

unconstrained. With both materials being in a stress equilibrium state and considering 

equal volume fractions, then the residual stresses are equal in magnitude, although with 

opposite signs.  

For all curing cycles, the variation in fibre volume fraction changes the 

magnitude of residual stresses and strains in both materials. At 𝐼𝐼𝑒𝑒 ≈ 0 the matrix is 

virtually free to shrink and the resulting stresses and strains in the matrix are therefore 

null. With increasing fibre content, the matrix becomes increasingly constrained by the 

fibres and its ability to shrink is reduced resulting in an increase of tensile residual 

strains and stresses in the matrix while the compressive ones in the fibres are reduced. 

While this change is especially accentuated at low fibre contents of up to 10%, at 40% 

to 60% however (where the vast majority of composites are produced) the change is 

incrementally small. In this range, the processing parameters which define the cure state 
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of the resin and the gelation temperature have much more impact in the magnitude of 

residual strains and stresses. These have been found to increase linearly with the 

gelation temperature: in tension for the matrix and compression for the fibres. The slope 

of the linear relation is controlled by the stiffness and the fibre content and when the 

difference between the matrix and fibres stress free strains is null, so are the residual 

strains and stresses. The models show that this happens at a specific gelation 

temperature where below this temperature the compressive and tension state of the 

materials is reversed. Increasing the gelation temperature (while maintaining the final 

processing temperature) substantially increases the tensile strain of the matrix while the 

fibres experience little increase in compressive strain. This is due to differences in the 

materials stiffness with the fibres being much stiffer than the matrix and therefore, 

inducing higher strains in the matrix. As for the residual stresses, the increase in 

gelation temperature results in an increase of the tensile stresses in the matrix and 

compressive stresses in the fibres. And since both materials are in a stress equilibrium 

state, their sum is always null.  

To eliminate the residual stresses from thermal origin, the gelation temperature 

must be equal to the processing final temperature (as demonstrated by curing cycle D). 

However stresses of chemical origin due to resin shrinkage still remain. To eliminate 

these and obtain a zero net residual stresses, the gelation temperature must be lower 

than the final processing temperature. For the epoxy resin used in this study, the 

gelation temperature was estimated to be 5.7℃ in order to compensate for the stresses 

of chemical origin. In practical terms it may not be even possible to achieve since 

vitrification of the resin would occur at this temperature. Meaning that the reaction rate 

would be extremely low requiring much longer processing times or the reaction could 

even cease before reaching gelation. 

As demonstrated in this section, using relatively simple analytical expressions 

and assumptions, by controlling some of the processing key parameters in the 

manufacturing of composites, it is possible to control the level of residual stresses that 

buildup in fibre reinforced polymer composites. The temperature at which the matrix 

and fibres bound together (𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏) is a critical parameter to be considered when designing 

the curing cycles of composite materials. The final temperature at which the composite 

will be working is important parameter as well, meaning that operating environment 

conditions such as temperature or even moisture – although not addressed in this work – 
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are relevant factors that must be taken into account when producing composite materials 

with an optimal performance to meet the specific operating environment.  

Although some of the equations presented in this chapter for the determination 

of composite curing strains, residual strains and stresses through the very definition of 

mismatch of stress free strains are not entirely new, the derivations and decomposition 

of these equations highlighting the relevant parameters that affect the magnitude of 

residual stresses have not been seen in such detail in the literature. Moreover, the 

chemical shrinkage contribution to the buildup of residual stresses is often disregarded 

and not included in calculations, especially in a commercial manufacturing context. 

This too is an important parameter that must be considered since the range of 

commercially available polymeric matrices for composites manufacturing can produce 

substantially higher chemical shrinkages compared to the epoxy used in this work.   
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12 Effect of residual stresses on tensile and shear 
properties of FRPC 

In this chapter, the influence of residual stresses on the mechanical properties of 

composites produced with different curing cycles subjected to static loads is 

experimentally investigated.  

There are a few studies found in the literature where this subject is addressed either 

by micromechanical modelling, finite element modelling or experimental 

characterization. While some authors  [164] demonstrated through micromechanics and 

FEM modelling that an increase in residual stresses have a detrimental effect on the 

transverse tensile strength, others found that it may depend on the matrix strength: while 

low matrix strength may be detrimental, a high strength matrix can be beneficial for 

composite transverse strength [165]. Other author by means of numerical and 

experimental analysis associated the increase of residual stresses with an increase of the 

transverse tensile strength [166][167]. More recently, an experimental study showed no 

significant variation in the transverse strength, axial strength and 30⁰ relative to the fibre 

direction due to variation of residual stresses. In this study by Hüther [7], a layup 

consisting of non-crimp UD glass fabric with biaxial backing layer and two outer 

biaxial +/-45⁰ layers was used with epoxy as matrix. 

Concerning in-plane shear properties only a couple of works involving a 

combination of FEM and experimental analysis were found where authors report a 

decrease of in-plane shear strength with the increase of residual stresses for  +/-45⁰ 

biaxial layups [167] [168]. Different types of reinforcements, fibre arquitecture and 

layup as well as different types of matrices have been considered in these studies which 

can lead to different outcomes regarding the effect of residual stresses on the static 

mechanical properties. None of these studies used a combination similar to this work of 

solely non-crimp UD glass fibre fabric with +/-80⁰ backing layer and epoxy resin as 

matrix. However, different curing schemes were used to vary the levels of residual 

stresses but none considered a reduction in residual stresses by partially cure the 

composite or highlighted the gelation temperature as an important process parameter.  

In this chapter, specimens extracted from composite plates manufactured according 

to curing cycles described in previous sections yielding different magnitudes of residual 
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stresses, are tested in tension and shear. Tensile testing was used to characterize the 

transverse properties of the composite material where the resin properties are 

accentuated while the in-plane shear properties of the composites specimens were 

evaluated through shear testing.  

Results presented are compared and discussed for composites that are fully cured 

where the difference in residual stresses results from different temperatures of gelation, 

that is, cycle A and B. Results from cycle C which has the same temperature of gelation 

as cycle A but with lower residual stresses due to a partially cured sate is also compared 

and discussed.  

 

12.1 Tensile testing 

12.1.1 Methods 
 

Static tensile testing was prepared and conducted following the general 

recommendations set by the ASTM D3039M standard [169]. Rectangular test 

specimens were cut out from the composite plates so they could be tested transverse to 

the fibres direction. Specimen’s dimensions are represented in Figure 12-1 and 

thickness ranged from 4.0 to 4.5mm depending on the composite plate.  

 

 

Figure 12-1: Specimen geometry and dimensions for tensile testing on the transverse direction 

 The tests were conducted on an Instron servo-hydraulic test machine equipped 

with 10kN load cell under displacement control mode with a constant head speed of 

2mm/min. Extensometers were placed at the front and back of the gauge section of the 

specimen. A total of six specimens were tested for each series corresponding to a 

composite plate manufactured with the respective curing cycle.  



 

12 Effect of residual stresses on tensile and shear properties of FRPC 181 

12.1.2 Results and discussion  
The stress-strain plot of the specimens tested under transverse tensile load is 

represented in Figure 12-2. Each test series is differentiated by colour corresponding to 

the curing cycle from where the test specimen was extracted. A summary of the test 

results is reported in Table 12-1. 

 

Figure 12-2: Stress-strain curve from tested specimens under transverse load. Test specimens 
were extracted from composite plates manufactured according to Cycle A: 2 step curing (7h at 

50℃+4h at 95℃), Cycle B: 1 step curing (4h at 95℃) and; Cycle C: 1 step curing (11h at 50℃). 

Table 12-1: Summary of test results from transverse tensile testing for the curing cycles A, B, 

and C composites.  

Curing 
 Cycle 

E-modulus  
 [GPa] 

Max stress  
 [MPa] 

Max Strain  
 [%] 

Vf DoC 

A 10.80 ± 0.16 46.08 ± 2.00 0.48 ± 0.03 0.50 0.99 
B 12.31 ± 0.11 43.78 ± 2.41 0.39 ± 0.03 0.55 0.99 
C 12.09 ± 0.03 43.30 ± 1.59 0.41± 0.03 0.53 0.91 

 

 

Figure 12-2 shows that the stress-strain curves for curing cycles A, B and C are 

quite similar with Cycle A showing an apparent smaller modulus and higher maximum 
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stress and strain. This is confirmed by the average results of tested specimens 

summarized in Table 12-1. The maximum stress and strain are higher for Cycle A, 

followed by Cycle C and finally Cycle B showing a lowest maximum stress and strain. 

However the reported average values fall inside each other standard deviation errors 

meaning that there is no apparent influence of the curing cycles, hence residual stresses, 

in the maximum stress and strain of each series. The E modulus on the other hand 

shows some significant difference between the tested series. However, these values 

seem to correlate with the slightly different fibre volume fraction measured in the 

manufactured composites. The trend shows an increasing E modulus with the increase 

in 𝐼𝐼𝑒𝑒, which would be expected. Comparing the E modulus from Cycle B and C they are 

quite similar and their 𝐼𝐼𝑒𝑒 is also close. But since the composite cured by Cycle C is 

partially cured, one could expect an even lower E-modulus. 

The transverse composite stiffness of unidirectional composites can be calculated 

using the Halpin-Tsai model [170] which is known to yield better approximations than 

the simpler inverse rule of mixtures. For the different curing cycles the transverse 

stiffness was calculated as: Cycle A= 11.19GPa, Cycle B= 12.71GPa and Cycle C= 

12.07GPa with calculations including a minor stiffness added by the ±80° fibres (i.e. 

±10° relative to load direction) from the backing layers (detailed calculations and input 

values reported in Appendix D). The calculated values are slightly higher but do not 

substantially differ from the experimental ones and show a similar relation between the 

different curing cycles, confirming that the differences in stiffness for the different 

tested series is due to variations in fibre content.  

Overall, the results show that there is no apparent influence in the transverse static 

tensile properties of composites manufactured under different curing cycles and 

different levels of residual stresses. Instead, the results seemed to correlate with the 

respective variation in fibre content.  
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12.2 Shear 

12.2.1 Methods 
Testing of composite samples subjected to shear loading was prepared and 

conducted following recommendations set by the ASTM D5379/D5379M standard for 

testing of shear properties of composite materials by the V-Notched beam method 

[169]. The test is also commonly referred as Iosipescu test. Rectangular test specimens 

with symmetrical and central located v-notches were cut out from the composite plates 

so the in-plane shear properties could be tested. Figure 12-3 depicts the coupons main 

dimensions and fibre direction.   

 

Figure 12-3: Specimen geometry and dimensions for in-plane shear testing. 

An Instron servo-hydraulic test machine equipped with 10kN load cell is used 

and the test is carried under displacement control mode with a constant head speed of 

2mm/min. A special fixture consisting of two halves - the lower and upper grip – is used 

to encapsulate the specimens. Two strain gauges with +45° and -45° relative to the fibre 

direction were placed at the front and back of the gauge section between the v-notches. 

Six specimens were tested for each series corresponding to each composite 

manufactured with the respective curing cycle.  

12.2.2 Results and discussion 
The shear stress-strain plot of the specimens tested in plane is represented in 

Figure 12-4. The curves corresponding to tested specimens from the same series are 

grouped with the same colour. Table 12-2 summarizes for each series the estimated 

shear modulus of elasticity (measured at 0.1 - 0.35% strain) and the shear strength 

defined at about 5% strain. The values correspond to estimated averages from test 

results of each series.  
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Figure 12-4: Shear stress-strain curve from in-plane tested specimens. Test specimens were 
extracted from composite plates manufactured according to Cycle A: 2 step curing (7h at 

50℃+4h at 95℃), Cycle B: 1 step curing (4h at 95℃) and; Cycle C: 1 step curing (11h at 50℃). 

Table 12-2: Summary of test results from shear testing for laminates produced according to 

curing Cycles A, B, and C.  

Curing 
Cycle 

G12 
[0.1-0.35% strain] 

 [GPa] 

Stress 
[at 5% strain]  

 [MPa] 
Strain 

 [%] 
Vf DoC 

A 4.06 ± 0.16 60.30 ± 1.70 4.92 ± 0.11 0.50 0.99 

B 4.36± 0.23 60.50 ± 0.80 4.96 ± 0.03 0.55 0.99 

C 4.45 ± 0.15 60.30 ± 1.10 4.94± 0.06 0.53 0.91 

 

The shear stress-strain curves in Figure 12-4 resulting from tested specimens 

manufactured according to Cycles A, B and C show no apparent significant difference 

between them. This is further confirmed by the results summarized in Table 12-2 where 

it can be seen that the ultimate shear stress and strain are identical between the three 

tested series. The shear modulus of elasticity also shows values quite similar although 

the differences seem to be correlated with the respective fibre volume fraction of the 

composite tested plates. However like the shear stress and strain, the experimental 
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estimated shear modulus for each series are inside the error range and therefore no 

significant difference is verified.  

The theoretical shear modulus was calculated using the Halpin-Tsai model[170] 

for the different series yielding: Cycle A= 3.79GPa, Cycle B= 4.33GPa and Cycle C= 

4.10GPa which include the effect of fibres from the backing layer (detailed calculations 

and input values can be found in Appendix D). These are slightly lower (but not 

significantly) than the experimental ones while still showing a similar correlation 

between the shear modulus and fibre content of the tested series. The only exception is 

Cycle C where the calculated shear modulus is slightly lower due to an estimated lower 

stiffness of the partially cured resin used in the calculations. Nevertheless, the shear 

modulus calculated for the different cured composites supports the experimental results 

indicating that the differences in stiffness is due to variations in fibre content. 

Overall, the results obtained for the tested series show no substantial difference 

that could indicate any influence of the curing cycles or the magnitude of the residual 

stresses in shear properties.  

 

12.3 Conclusions 

Results showed that for the static tensile testing in the transverse fibre direction, 

the tensile strength is relatively the same for composite specimens fully cured according 

to cycle A and B or the partially cured cycle C. This indicates that the variation in 

residuals stresses appear to have no influence in the tensile strength of the composite 

material in the transverse direction. The E modulus on the other hand, showed some 

differences between the tested series although these seem to correlate with the 

composites differences in fibre volume fractions.  

From the shear test results, similar conclusions can be made. The shear strength is 

similar between the tested composites specimens with different magnitudes of residual 

stresses, either due different gelation temperatures (Cycle A and B) or by partially cure 

the composite (Cycle C). Analogous to the transverse E modulus, the shear modulus 

disparity between the tested series seems to correlate with the respective fibre volume 

fractions.  
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The overall experimental results from the tensile transverse and shear tests reveal 

that, at least for the type of fiberglass fabric and matrix used in this work, the residual 

stresses resulting from the different curing cycles do not have influence on the outcome 

of the properties measured under static testing. Moreover, reducing the residual stresses 

by partially cure the composite at 0.91 DoC does not translate into an apparent decrease 

of the material mechanical properties.  
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13 Effect of residual stresses on fatigue properties 
of FRPC  

The effect of process induced residual stresses on the mechanical properties of 

composites subjected to dynamic loads (fatigue) is experimentally investigated in this 

chapter. Tensile fatigue in the fibre direction and four point bending testing methods 

were used to evaluate the fatigue resistance of the composites subjected to the different 

curing cycles.  

In tensile fatigue there are not many studies addressing the effect of residual 

stresses in the fatigue life of fibre reinforced polymer composites, at least from an 

experimental viewpoint. To the best of knowledge, the ones existing are quite recent 

such as Hüther [7] and Mikkelsen [8] where composites consisting of non-crimp UD 

fibreglass fabric with biaxial backing layer stacked under two outer biaxial +/-45⁰ layers 

and epoxy as matrix were produced using different cycles, either by one or two curing 

temperature steps. They observed a decrease in tensile fatigue endurance with 

increasing temperature in the first curing step. To correlate the curing cycle influence in 

the fatigue with the residual stresses, curing strain measurements in neat resin samples – 

the same principle as used in this work – was employed. Demonstrating that cycles 

where higher curing temperatures are used resulted in higher curing strains which 

translate into higher residual stresses in laminates. However, the neat resin setup 

consisted of cylindrical tubes of considerable large diameter yielding higher temperature 

gradients, meaning that the temperature profile from composite and neat resin can be 

substantially different. This has been discussed more detailed in section 8.1 but the 

bottom line is that the correlation between the neat curing strains and fatigue life is not 

entirely correct since it fails to address the gelation temperature which is as 

demonstrated, the important parameter that influences the levels of residual stresses. 

Another study even more recent by Mortensen [171], analysed the effect of residual 

stresses in the fatigue failure and off-axis crack density in a non-crimp UD glass fibre 

fabric with biaxial +/-45⁰ and 90⁰ backing layers using an epoxy as matrix. In order to 

vary the magnitude of residual stresses, the composites were subjected to one (fast) and 

two steps (slow) curing cycles resulting in higher and lower residual stresses. The 

author recognized the importance of gelation temperature over the curing temperature in 
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the residual stresses build-up and used a similar setup as in this work to measure neat 

resin curing strains which can be correlated to residual stresses in composites. 

Mortensen [171] reported that an increase in residual stresses by using a one-step fast 

cure cycle which resulted in higher crack density and lower tensile fatigue life. In both 

cycles applied, the composite was fully cured at the end of the cycle. In this work 

besides considering two curing cycles where composites are fully cured but with 

different magnitudes of residual stresses, it is considered the effect of reducing the 

residual stresses by applying a curing cycle where the composite is partially cured. 

As will be shown in this chapter, the tensile fatigue testing presented challenges 

with some of the test series. This was essentially due to the specimen geometry and the 

strength of the material leading to improper failure of the test specimens. As alternative, 

the four point bending test method was considered since the specimen shape 

requirements are less demanding. Compared to tensile fatigue, there are fewer reports in 

the literature addressing the effect of residual stresses in the fatigue life of fibre 

reinforced polymer composites. In fact, only one work was found where bending fatigue 

(in a three point bending setup) was used to study the effect of the cure cycles on the 

fatigue life of epoxy fibre reinforced composites [120]. Although the focus was on 

matrix microstructural effects due to curing rates, Patel et al reported that the bending 

fatigue life decreases with higher curing temperatures. However, the temperature at 

which gelation occurs is not addressed as it is emphasized in this work.  

 

13.1 Tensile fatigue  

The composites manufactured according to curing cycles A, B and C yielding 

different magnitudes of residual stresses, were tested in tensile fatigue by subjecting the 

test specimens to different cycling loads until total failure of the material occurred. The 

results are presented in the form of the S-N curves fitted to the experimental data points 

relating the maximum stress applied to number of cycles until failure for each test series 

in respect to the different curing cycles. Analysis of the specimen damage and the 

possible effect of the residual stresses on the stiffness degradation are also discussed.  
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13.1.1 Methods 
 

The specimens for the fatigue tests were extracted from the main composite 

plates and machined to the geometry shown in Figure 13-1 (adapted from Karkiakosky 

et al. [172]). Tabs were glued in the grip areas of the specimen prior to machining to 

avoid potential damage by the grip teeth from the equipment when load is being 

applied.      

 

 

 Figure 13-1: Tensile fatigue test specimen geometry (W15-buttefly) [172].  

 

The fatigue test procedure is based on the recommendations given by the 

standard ISO 13003[169]. The fatigue testing was conducted in tensile-tensile mode 

considering a stress ratio at 0.1 and strain levels from 0.7 to 1.3% using oscillation 

frequency at 4Hz. An infrared temperature sensor is used to continuously monitor the 

temperature variation in the specimen.  Two 50±1mm extensometers were mounted at 

the back and front position in the specimen gauge area for strain measurements. To 

determine the input load, the stiffness modulus in the elastic region at a strain range 

between 0.05% and 0.25% is determined from the first load cycle in each test specimen. 

A linear curve is extrapolated based on the stiffness modulus and the load associated 

with a specific strain value is selected.  Figure 13-2 depicts the fatigue tensile test 

apparatus where the test specimen is loaded and ready for testing. Tests are finalized 

once the specimens reach a 50% stiffness loss. 
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Figure 13-2: Tensile-tensile fatigue testing apparatus with loaded specimen. 

 

13.1.2 Results and discussion 
 

S-N Curves 

Results from the tensile-tensile fatigue testing for composite laminates heat 

treated following curing Cycles A, B and C are presented graphically in Figure 13-3 on 

a linear-logarithmic scale plot. The plot relates the maximum stress level imposed with 

the number of cycling loads to which the specimens are subjected until failure. The dot 

marks in the plot correspond to the experimental data for each specimen tested when it 

fails at the correspondent stress level and cycle number. Each test series are labeled 

according to the specific characteristics of each curing cycle, i.e. gelation temperature, 

final cure state, fibre volume fraction and matrix residual stresses – estimated in chapter 

11.3. The fitting curves - Wohler curves - to the experimental points for each series are 

the so called S-N curves that can be used as reference to extrapolate the tendency for 

higher or lower cycling loads or compare between series such as this case. The curves 

were determined by regression analysis using a power law equation – the Basquin 
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relationship – which can take the form of applied stress (or strain) with the number of 

cycles to failure. The equation is given by:  

 

𝑆𝑆 = 𝑆𝑆0𝑁𝑁− 1
𝑚𝑚 (13-1) 

 

 where 𝑆𝑆 is a generic term which can either indicate cyclic loads, stress or strain and 

within each category can be represented by an amplitude, minimum, maximum or mean. 

N usually represents the number of cycles to failure, 𝑆𝑆0 is the stress/strain reference at 1 

cycle and 𝑚𝑚 a parameter that influences the curve slope. 𝑆𝑆0 and 𝑚𝑚 represent material 

parameters that are determined by the regression analysis of each experimental data 

series [166][173].   

Since the manufactured composites have different fibre volume fractions, the 

longitudinal stiffness of each series is also different which in turn has an effect on the 

fatigue curves of the Stress-N plot. An alternative approach to interpret the tensile-

tensile fatigue results is to plot the results as strain as a function of cycles to failure. In 

this way, by normalizing each test result to the material stiffness, the effect of variation 

in 𝐼𝐼𝑒𝑒 can be decoupled. Figure 13-3 shows the experimental data points for the different 

test series represented on a linear-logarithmic plot. The Wholer curves were plotted 

using equation (13-1) for the initial strain and the fitting parameters determined for each 

test series.  An overview of the fibre volume fraction of the tested laminates and the 

average E modulus estimated from each test series is summarized in Table 13-1.  

 

 Table 13-1: Stiffness and fibre volume fraction of composites tested in tensile-tensile 

fatigue.  

Curing cycle Cycle A Cycle B Cycle C 
Vf 0.50  0.55 0.53 

Ec (GPa) 40.47 46.03 44.81 
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Figure 13-3: Max. Stress as function of number of cycles. Experimental results for tensile-
tensile fatigue test of composite specimens produced according to curing Cycle A: 2 step curing 
(7h at 50℃+4h at 95℃), Cycle B: 1 step curing (4h at 95℃) and; Cycle C: 1 step curing (11h at 

50℃). 

 

Figure 13-4: Initial strain as function of number of cycles. Experimental results for tensile-
tensile fatigue test of composite specimens produced according to curing Cycle A: 2 step curing 
(7h at 50℃+4h at 95℃), Cycle B: 1 step curing (4h at 95℃) and; Cycle C: 1 step curing (11h at 

50℃). 
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Analysis of the Stress-N plot represented in Figure 13-3, shows that the composite 

cured according to Cycle B – fully cured and gelation at higher temperature yielding 

higher residual stresses - was the one who had the poorest fatigue performance 

compared to Cycle A and C. Cycle B specimens generally endured less cycling loads 

until failure compared to the other two series for the range of applied loads. Looking at 

the results from Cycle A and C in Figure 13-3, the latter appear to perform better than 

the former. However, the fibre volume fraction and stiffness of Cycle C series are 

higher than Cycle A. Generally, increasing 𝐼𝐼𝑒𝑒  will increase the stiffness and strength of 

the composite material which would result in a shift of the strength reference 𝑆𝑆0 to 

higher values in the fatigue curve. This is verified on the Stress-N results since 𝑆𝑆0 is the 

lowest for cycle A while also having the lowest 𝐼𝐼𝑒𝑒. Considering the results in the form 

of Strain-N plot shown in Figure 13-4 where the influence of fibre content and stiffness 

are decoupled for all test series. It is observed that while test specimens manufactured 

according to Cycle B consistently perform worse than Cycle A and Cycle C specimens, 

the difference in performance between these two series with the same gelation 

temperature is arguably narrow. In fact, some of the experimental data points are inside 

the data range of one another meaning that there is no substantial difference in fatigue 

life that could be explained by a difference (although small) in magnitude of residual 

stresses between these two series. Another issue observed in the fatigue results is the 

experimental data scatter. Considering the 𝑅𝑅2 values of the fitted S-N curves for the 

three cycles in Figure 13-3 and Figure 13-4, they show higher scatter (smaller 𝑅𝑅2 value) 

for curing cycles A and C when compared to cycle B. From observations on failed 

specimens, it was noticed that some of test specimens from Cycle A and C failed 

outside the gauge section with failure originating mostly in the specimens gripping 

section – see example for Cycle A in Figure 13-6. This indicates that failure of the 

specimens in these test series results from shear stresses originating from load 

introduction and not fatigue. Although the specimen geometry used was designed – and 

has been demonstrated – to improve the quality of the fatigue tests data when compared 

to other geometries [172], as the results show, it struggles for materials where the 

magnitude of the residual stresses is reduced. As such, higher strength materials require 

higher loads which can result in poor performance of the test specimen leading to an 

improper failure mode as observed for specimens produced for curing Cycle A and C. 

While for curing Cycle B the scatter is smaller and can be reasonable representative of 
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the fatigue life of this test series, for Cycle A and C the real fatigue curves could 

somewhat be different than the ones obtained.  

Damage on test specimens and Stiffness degradation 

In all of the tested samples, damage on the specimens was visually observed at 

an early stage of the fatigue testing (after 1500 cycles). As exemplified by Figure 13-5, 

the damage is initiated in the transverse backing layer of the composite. Figure 13-6 on 

the other hand shows examples of failed test specimens for curing Cycle A and B. 

Comparing the two test series, it is possible to distinguish the effects of distinct failure 

modes. While samples of curing Cycle B show the failure occurring mostly in the gauge 

section of the test specimen and therefore in tension, Cycle A specimens on the other 

hand shows that the gauge section remains mostly intact with failure occurring in the 

grip section of the specimens which is caused by shear stresses from the load 

introduction. 

 

 

Figure 13-5: Damage initiation on the transverse backing layers of the composite specimen – 
example from Cycle A test series. 
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Figure 13-6: Failed fatigue test specimens for curing Cycle A and B series. 

 

Although in this work the damage mechanisms in the composite until failure from 

cycling loading were not the focus of investigation, it is assumed that they should be 

quite similar to observations made by Zangenberg et al [174] and later confirmed by 

Jespersen et al [175]. In their studies, the fiber glass fabric used for manufacturing the 

tested specimens is similar to the one used in this work but in polyester matrix rather 

than epoxy. Both authors show that the initial damage in the early stage of fatigue 

originates from the transverse backing bundles due to interfacial debonding and off-axis 

matrix cracking. Jespersen et al [176] further showed that UD fibres breakage can also 

occur at early stage. This combination results in a fast initial decrease of the composite 

stiffness – which is denoted as stage I. In stage II, the stiffness degradation usually 

increases at a steady slow pace caused by progressive matrix crack propagation into the 

main fibres bundles which further induces fibres fractures and matrix/fibre interfacial 

debonding. This results in an increase of load transfer to the remaining unidirectional 

fibres that eventually will start to fail at much higher rate causing a drastic drop in the 

composite stiffness and leading to material complete failure – stage III. For the tested 

specimens in this work it is possible to see similar response on the stiffness degradation, 

although depending on the magnitude of the residual stresses, the curves are somewhat 
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different. Figure 13-7 shows the stiffness degradation in respect to the number of cycles 

(normalized data) where specimens produced according to cycle A, B and C are 

compared. 

 

 

 

Figure 13-7: Stiffness degradation of test specimens cured according to cycle A, B and C: 
Normalized stiffness vs normalized cycles. 

 

For tested specimens produced according to cycle A and C where residual 

stresses are lower, a sharp decrease in stiffness is observed in the normalized cycle 

range between 0 and 0.1. Thereafter, the stiffness decline is much less accentuated until 

a sudden drop marking the total failure. Hence the different stages previously described 

can generally be seen for specimens from curing cycle A and C where stage I and II are 

distinguishable. However, for cycle B specimens the decrease in stiffness is not only 

steeper - indicating a higher degradation rate, but there is no apparent distinction 

between stage I and II suggesting that crack propagation from the backing bundles 

rapidly propagates to the main fibre bundles at the early stage of fatigue. Therefore, the 

increase of residual stresses appears to overall accelerate the damage mechanisms 

precipitating earlier failure of the material compared to materials with lower magnitude 

of residual stresses.   
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13.2 Bending fatigue 

Due to the challenges posed by the materials and experimental setup under 

tensile-tensile fatigue testing, specifically due to specimen failure outside the gauge 

section, bending fatigue was considered as an alternative due to its simplicity 

requirements regarding the test specimen. However, unlike tensile-tensile fatigue where 

the stress field is uniformly distributed at any point of the test specimen transverse 

cross-section, the bending moment results in a linear variable stress field distribution of 

normal stresses. Considering a mid-plane along the specimen main axis as represented 

in Figure 13-8, when a perpendicular load is applied, the top side of the specimen 

becomes under compression while the bottom side is under tension. The magnitude of 

normal stresses is maximum at the specimen’s outer surfaces and theoretically zero at 

the neutral axis defined by the specimen mid-plane [177].  

 

Figure 13-8: Normal stresses distribution due to bending load. 

 

Four point bending is a test configuration commonly used to assess the flexural 

properties of materials. As the name indicates, it consists of four points in contact with a 

test specimen - usually rectangular and flat. Two supporting points are placed at 

opposite near ends of the specimen while two loading contact points are symmetrically 

placed in between the supporting contact points. When load is applied, the test specimen 

is subjected to a bending moment which increases linearly from zero at the supporting 

contact points to a maximum at the loading contact points. The bending moment is then 

constant in the gauge section between the loading contact points. Loading also produces 

shear force and interlaminar shear stress in the material, however only in the section of 

the specimen between the contact and loading points where it is non-zero constant while 

null in the specimen section between the loading contact points [178][179]. Since in the 
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four point bending the section between the loading points is only subjected to bending 

moment and no shear, the material failure occurring in this section can only be due to 

normal stresses: either compressive at the top or tensile at the bottom, making it a 

suitable to evaluate the effect of residual stresses in the fatigue life of the material when 

subjected to cyclic loading.  

Therefore in this section, the influence of the curing cycles and resulting residual 

stresses on the bending failure of fiber reinforced composites under cyclic dynamic load 

using a four point bending testing method is investigated. Samples extracted from fully 

cured laminate plates manufactured according to curing Cycles A, B and D were tested 

until failure using a four point bending test method. The results are presented in the 

form of S-N curves for the different samples. The setup included the same modifications 

made by Mortensen [94] in is work while successfully investigating micro-scale damage 

by bending fatigue on basalt fibre reinforced epoxy composites. These included 

modification of the test-rig by substituting the fixed loading and supporting noses of the 

contact points by roller bearings, reducing the amount of friction and consequent 

wear/damage of the material specimen during test, see Mortensen work [94].  

 

13.2.1 Methods 
 

A new batch of composite panels was produced using the same curing cycles 

and procedures described in section 9.1. The only exception was the reduction of the 

number of plies from 4 to 2 (maintaining the same stacking sequence) resulting in a 

decrease of plate thickness. The fibre volume fractions estimated for all composite 

plates are also more uniform, ranging from 0.49 to 0.51. 

The test-set up and procedure followed the recommendations stated by the 

standard ASTM D7264 test method for flexural properties of polymer matrix composite 

materials [179]. The test specimen of uniform rectangular cross section with dimensions 

of 110mm in length by 20mm in width and 2.25mm average thick were extracted from 

the laminate panels having the UD fibre direction parallel to the specimen length. The 

measurements were carried using an Instron Electropulse E3000 model equipped with a 

+/- 5kN load cell and configured with a four point bending testing rig. The bending test 

was carried under load control with ratio of 0.1 between minimum and maximum load. 
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A frequency of 5Hz was used for the cyclic load in order to minimize a potential 

increase in temperature of the material. Figure 13-9 depicts the overall setup with 

specimen in position under load while Figure 13-10 gives a schematic representation of 

the four point bending setup with contact points and distances between these. 

 

Figure 13-9: Four point bending test setup with loaded specimen. 

 

 

Figure 13-10:  Schematics of the four point bending setup considering distances between load 
and support contact bearings.  

 
The support span (distance between support contact points) was set to 𝑙𝑙 =

72𝑚𝑚𝑚𝑚 and distances between loading points (𝑙𝑙
2� ) and between support and loading 

points (𝑙𝑙 4� ) were adjusted accordingly. The support span-to-thickness ratio in this 

configuration corresponds to approximately 32:1, recommended by the standard so that 

the failure occurs in the outer surfaces of the gauge section (between the loading points) 

only due to bending moment. 
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The maximum load level applied was varied in order to yield different 

magnitudes of maximum stresses in the outer surfaces of the loading span region of the 

test specimen. The maximum stress (𝜎𝜎𝑚𝑚𝑎𝑎𝑚𝑚) can be related to the applied load by the 

following equation: 

 

𝜎𝜎𝑚𝑚𝑎𝑎𝑚𝑚 =
3𝑃𝑃𝑙𝑙

4𝑏𝑏ℎ2 ( 13-2) 

 

where 𝑃𝑃 is the applied load, 𝑙𝑙 the support span with 𝑏𝑏 and ℎ being the specimen width 

and thickness respectively. 

 For each series a minimum of 5 specimens were tested for different load levels 

until failure. The cycle at which failure occurred was noted together with the 

correspondent maximum stress level.  

 

13.2.2 Results and discussion 
 

S-N Curves 

Results in the form of Stress-N curves for the four point bending fatigue tests on 

fiber reinforced epoxy samples extracted from laminate panels manufactured with 

curing cycles A, B and D are graphically represented in Figure 13-11 with the number 

of cycles to failure plotted in linear-logarithmic scale. The dots in the Stress-N plot 

represent the experimental number of cycles before failure obtained for each specimen 

subjected to the correspondent maximum applied stress. Data sets are represented in 

different colours and labelled according to the relevant characteristics of the specific 

curing cycle used to manufacture the tested samples. Since a new batch of composite 

plates were produced using the same curing cycles, the residual stresses in the matrix 

should be re-calculated considering the new fibre volume fractions. However, because 

there are only small changes in fibre volume fraction, the re-calculated values are very 

similar to the ones from the first batch. This was discussed in chapter 11.2 where it was 

shown that the residual stresses in the matrix do not substantially vary with increase in 

fibre content above 10%.  

Table 13-2 shows the composite stiffness’s (determined from tensile loading), the 

fibre volume fractions and the calculated matrix residual stresses using equation (11-12) 
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and parameters stated in Table 10-1. In addition, fatigue results are also plotted in the 

form of initial Strain-N in order to decouple the effect of slight variations in fibre 

content and stiffness. The Strain-N plot is represented in Figure 13-12. 

Table 13-2: Composites volume fractions, temperature of gelation, stiffness and matrix residual 

stresses for composites tested under four point bending fatigue.  

Curing cycle Cycle A Cycle B Cycle D 
𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 (℃) 50 96 26 

𝐼𝐼𝑒𝑒 0.51  0.49 0.51 
𝐸𝐸𝐷𝐷 (GPa) 42.43 40.06 41.56 

𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 (𝑀𝑀𝑃𝑃𝑎𝑎) 12.6 25.7 5.8 

 

The Stress-N and Strain-N curves were plotted using the Basquin relationship 

expressed in Equation (13-1) with the fitting parameters for each data series determined 

by regression analysis of the experimental data. 

 

 

Figure 13-11: Stress-N curves of the four point bending fatigue test results for the composites 
cured according to Cycle A: 2 step curing (7h at 50℃+4h at 95℃), Cycle B: 1 step curing (4h at 

95℃) and; Cycle D: 3 step curing (45min at 70℃ + 6h at 25℃ + 2h at 95℃).  
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Figure 13-12: Strain-N curves of the four point bending fatigue test results for the composites 
cured according to Cycle A: 2 step curing (7h at 50℃+4h at 95℃), Cycle B: 1 step curing (4h at 

95℃) and; Cycle D: 3 step curing (45min at 70℃ + 6h at 25℃ + 2h at 95℃).  

Considering the Stress-N results in Figure 13-11, for each data series it is 

observed and confirmed by the R2 values, a low deviation of the scattered data 

indicating a good consistency between the tested specimens of the same series. Similar 

observations can be made for results plotted in the form of Strain-N curves shown in 

Figure 13-12.Compared to the tensile-tensile fatigue, the bending fatigue results show 

substantially less scatter – particularly for test series where residual stresses are lower. 

Indicating that contrary to tensile fatigue, no improper failure of tested specimens 

occurred during bending fatigue. 

Comparing the different data series from the bending fatigue in the Stress-N plot, 

there is a clear influence of the curing cycles on the fatigue life of the tested composite 

series. Samples produced by curing Cycle B, where temperature at gelation occurred at 

96°C resulting in 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 25.7𝑀𝑀𝑃𝑃𝑎𝑎, show the worst fatigue performance with specimens 

failing at lower cycles for any of the applied loads. Cycle A specimens, where 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 =

50℃ and 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 12.6𝑀𝑀𝑃𝑃𝑎𝑎, show a better performance compared to cycle B and is only 

outperformed by curing cycle D where 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 = 26℃ with 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 5.8𝑀𝑀𝑃𝑃𝑎𝑎. The same 

order of relationship holds when the small variation in fibre content is decoupled by 

normalizing the results to the respective composite stiffness’s as shown by the Strain-N 



 

13 Effect of residual stresses on fatigue properties of FRPC 203 

curves in Figure 13-12. Despite some overlapping of curing Cycle A and B curves at 

lower fatigue cycles, the three test series are quite distinct at higher cycling loads. 

As been pointed out throughout this work, 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 has a direct influence on the 

magnitude of residual stresses, which in their turn affect the fatigue endurance of the 

composite material. Ultimately, higher 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 results in higher residual stresses resulting 

in lower fatigue life. This relationship will be further explored in the following chapter.  

 

Damage on test specimens 

Figure 13-13 shows a set of pictures taken from a test specimen produced 

according to Cycle A which was interruptedly tested and photographed after undergoing 

20 000, 60 000 and 150 000 loading cycles2. The sequence of images shows the damage 

originating and evolving from the transverse backing fibres (similar to observations 

made in the tensile fatigue test specimens). The images also reveal that the outer bottom 

surface displays substantially more signs of damage compared to the top surface 

indicating that damage is predominant under tension rather than in compression. This is 

even more evident in Figure 13-14 where pictures taken from failed specimens for each 

of the test series at higher and lower loads. It is also noted that the damaged area of the 

specimens is mostly delimited between the loading contact points, i.e. in the gauge 

section, indicating that the specimens have properly failed.  

 

                                                 

 
2 Specimen not included for the S-N data results. 
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Figure 13-13:Damage evolution on test specimen cured according Cycle A: 2 step curing (7h at 
50℃+4h at 95℃). 

 

 

Figure 13-14: Four point bending fatigue failed specimens from test series Cycle A, B and D at 
575MPa (left column) and 650MPa (right column). 
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13.3  Tensile fatigue vs Four-point bending fatigue 

results  

Figure 13-15 shows a comparison of results from the two test methods used in this 

work to evaluate the effect of residual stresses induced by the different curing cycles in 

the fatigue performance of FRPC. The results in the form of bar plots, compares the 

initial strain at which the composite would fail after 1 million cycles. The Basquin 

equation (10-1) and the corresponding fitting parameters for each series determined in 

Figure 13-3 and Figure 13-11 for the tensile and four point bending fatigue methods 

respectively, was employed to estimate the max. Stress at failure of 1 million cycles. 

The values were then converted to max. Strain considering the average stiffness 

experimentally determined for each test series – see Table D-1 in Appendix D.   

 

Figure 13-15: Comparison of test results from tensile-tensile fatigue and four point bending for 
the initial strain at 1 000 000 cycles failure reference.  

Bearing in mind that results from tensile-tensile fatigue for curing cycles A and 

C series may not be representative of their true fatigue life due to invalid failure, they 

still have a better performance than composite samples cured according to Cycle B 

where residual stresses are considerably higher. Nevertheless, both test methods show 

that with decreasing residual stresses there is an increase in the materials ability to 

sustain higher strains for the same amount of cycles at failure. The plot also shows that 
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for the same number of cycles, the four point bending test method is able to withstand 

higher surfaces strains compared to tensile-tensile fatigue test method. This is explained 

by differences in the strain field and damage of the test specimens. While in tensile-

tensile fatigue the strain is maximum and uniformly distributed along the cross-section 

of the specimen (and so is the damage), in the four point bending the strain is maximum 

only at the surface of the test specimen and decreases towards the center. This results in 

uneven damage development in the through thickness of the specimen: damage 

primarily develops at the specimen’s surface under tension while the material though 

thickness remains less damaged. Therefore, specimens tested in four point bending 

require a higher number of cycles to match the cycles at the failure from tensile fatigue. 

Or as expressed in the Figure 13-15, it requires higher strains (or load) to reach the same 

cycles at failure as tensile fatigue.  

13.4  Conclusions 

Tensile fatigue 

Results from the tensile-tensile fatigue testing revealed that composite specimens 

manufactured according to curing cycles where higher levels of residual stresses were 

generated tend to perform worse in fatigue. Considering the fully cured test series, 

Cycle B specimens where the temperature of gelation is higher - meaning higher 

residual stresses of thermal origin - showed lower fatigue resistance when compared to 

specimens from Cycle A with lower gelation temperature and consequently lower 

residual stresses of thermal origin (despite differences in fibre content). For test series 

where the gelation temperature was maintained (Cycle A and C) with residual stresses 

reduced by partially cure one of the test series (cycle C), the S-N curves showed a slight 

improvement over Cycle A, however the difference in not significant when the 

influence of fibre content is removed.  Results also show considerable data scatter for 

these two test series due to improper failure mode making it impossible to affirm 

beyond reasonable doubt that reducing the residual stresses by partially cure the 

composite, hence reducing the residual stresses of chemical origin, would result in 

improved fatigue life. The effect of residual stresses was also visible in the stiffness 

degradation of specimens due to damage progression. While the stiffness degradation 

for the test series from cycles A and C were relatively similar with an initial stiffness 

drop followed by a steady decrease and sudden failure. Cycle B specimens generally 
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showed a continuous and higher degradation rate until failure. This suggests that higher 

residual stresses accelerate the damage mechanisms resulting in failure at lower cycles 

when compared to specimens with lower residual stresses.  

 

Bending Fatigue 

Test specimens produced according to cycles A, B, and D from a new batch of 

composite plates were tested under fatigue using the four point bending test method. S-

N curves fitted to the experimental data points for the fully cured test series showed 

very small scatter indicating large consistency between tested specimens and a 

substantial improvement considering the results obtained from tensile-tensile fatigue. 

Still images taken from a test specimen interrupted after a number of loading cycles 

show that damage initiates and propagates from the backing layers. The damage is also 

predominant where the specimen is under tension. 

Composites cured according to Cycle B with higher gelation temperature and 

residual stresses performed worse in fatigue than Cycle A composites with a relative 

lower gelation temperature and residual stresses. This series was only outperformed by 

curing Cycle D composites where the gelation temperature and residual stresses were 

the lowest among the tested series. Similarly to the tensile fatigue results, but in this 

case only considering fully cured specimens, a decrease in residual stresses by lowering 

temperature of gelation undoubtedly results in an increase of the fatigue life of the 

composite.  
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14 Relation between residual stresses and fatigue 

As demonstrated by the tensile and bending fatigue tests results, there is a 

dependency between the magnitudes of residual stresses and the fatigue performance of 

composites produced with different curing cycles. In the first part of this chapter, an 

attempt is made to correlate the fatigue life of this composite system with the residual 

stresses by plotting the results in the form of cycles to failure as function of the epoxy 

residual stresses for different applied loads. A power law function is fitted to the data 

and the curve trends for different applied loads are discussed. In the second part, a 

method is proposed to predict the S-N curves considering as input the epoxy residual 

stresses. This is done by determining the S-N parameters dependencies on the epoxy 

residual stresses which controls the shape of the curves.  

In this chapter, the four point bending fatigue results are used since all test 

specimens presented proper failure modes unlike the test specimens from tensile-tensile 

fatigue. Nonetheless, in principle the same procedures could be applied to the latter.   

14.1 Relation between residual stresses and cycles to 

failure 

Using the determined Stress-N curves expressions from Figure 13-11 for each of 

the curing cycles, the cycle at failure was calculated for applied stress load of 550MPa, 

600MPa and 650MPa and plotted as function of the respective matrix residual stress 

(calculated and summarized in Table 13-2). The resulting data points are plotted in 

Figure 14-1 in a semi-logarithmic form and a power law function is used to fit the data 

points in the form: 

 

𝑁𝑁𝑆𝑆 = 𝑁𝑁0𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖− 1𝑏𝑏 (14-1) 

 

Where 𝑁𝑁𝑆𝑆 is the number of cycles at the applied stress load, 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 the matrix 

residual stress,  𝑁𝑁0 the cycle failure at matrix residual stress of 1 MPa which together 
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with parameter 𝑏𝑏, are determined from the power law fit to the data points and 

dependent on the applied stress load.  

 

Figure 14-1: Cycles to failure as function of the matrix residual stress (at respective 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏) for 
applied stress loads of 550MPa, 600MPa and 650MPa.  

The plots for the considered applied stress loads show the non-linear relationship 

between the number of cycles until failure and the level of residual stresses in the matrix 

(at the respective 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 displayed in the top horizontal axis). As previously concluded and 

here observed, the increase in residual stress due to higher gelation temperature results 

in a lower number of cycles until failure, independently of the applied load. This can be 

better observed by normalizing the matrix residual stress (𝝈𝝈𝒎𝒎
𝒓𝒓𝜶𝜶𝒓𝒓) and the number of 

cycles to failure (𝑁𝑁𝑆𝑆) in respect to the curing cycle with higher residual stresses (Cycle 

B with 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑠𝑠 = 25.7 𝑀𝑀𝑃𝑃𝑎𝑎). Table 14-1 compares the absolute and the corresponding 

normalized values of matrix residual stresses with the respective cycles to failure 

estimated from Equation (14-1) for the applied stress loads of 550 MPa, 600 MPa and 

650 MPa.   
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Table 14-1: Matrix residual stresses and cycles to failure: Absolute and normalized values for 

different stress load cases.  

   𝟓𝟓𝟓𝟓𝟎𝟎 𝑴𝑴𝑴𝑴𝒂𝒂 𝟔𝟔𝟎𝟎𝟎𝟎 𝑴𝑴𝑴𝑴𝒂𝒂 𝟔𝟔𝟓𝟓𝟎𝟎 𝑴𝑴𝑴𝑴𝒂𝒂 

𝐂𝐂𝐂𝐂𝐫𝐫𝐂𝐂𝐂𝐂𝐂𝐂 
𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐫𝐫 

𝝈𝝈𝒎𝒎
𝒓𝒓𝜶𝜶𝒓𝒓 

(MPa) 
 

𝝈𝝈𝒎𝒎
𝒓𝒓𝜶𝜶𝒓𝒓

𝝈𝝈𝒎𝒎
𝒓𝒓𝜶𝜶𝒓𝒓(𝑩𝑩)

 𝑵𝑵𝟓𝟓𝟓𝟓𝟎𝟎 
𝑵𝑵𝟓𝟓𝟓𝟓𝟎𝟎

𝑵𝑵𝟓𝟓𝟓𝟓𝟎𝟎(𝑩𝑩)
 𝑵𝑵𝟔𝟔𝟎𝟎𝟎𝟎 

𝑵𝑵𝟔𝟔𝟎𝟎𝟎𝟎

𝑵𝑵𝟔𝟔𝟎𝟎𝟎𝟎(𝑩𝑩)
 𝑵𝑵𝟔𝟔𝟓𝟓𝟎𝟎 

𝑵𝑵𝟔𝟔𝟓𝟓𝟎𝟎

𝑵𝑵𝟔𝟔𝟓𝟓𝟎𝟎(𝑩𝑩)
 

𝑩𝑩 25.7 1.00 20 947 1.00 58 179 1.00 17 176 1.00 
𝑨𝑨 12.6 0.49 95 608 4.56 176 881 3.04 35 285 2.05 
𝑫𝑫 5.8 0.23 499 092 23.83 593 351 10.20 77 251 4.50 

 

Taking the stress load case of 600MPa as an example, the number of cycles to 

failure increases by a factor of 3 when the matrix residual stress is halved (from Cycle B 

to Cycle A). Yet, the number of cycles to failure increases by a factor of 10 when the 

matrix residual stress is reduced by over a quarter of the reference value (from Cycle B 

to Cycle D). This is a considerable improvement which is even more substantial if lower 

applied stress loads are considered (as the 550MPa example shows). For higher loads 

however, the improvement is far less reduced with an increase only by a factor of 4.5 on 

number of cycles to failure, meaning that the effect of lower residual stresses becomes 

less relevant for increasing loads – which makes sense as it becomes similar to a static 

tensile test condition. In another perspective, considering an increase of the matrix 

residual stresses instead, it is the stress load that becomes less relevant. This can be seen 

from the plot in Figure 14-1 as the curves converge to a lower difference in the number 

of cycles to failure.  

Although this can be valid for residual stresses resulting in the 𝑇𝑇𝑔𝑔𝑒𝑒𝑏𝑏 range between 

cycle D and B, outside this temperatures one must be critical of the curves trend which 

may not correspond to reality. Gelation temperatures superior to cycle B means that the 

composite would be subjected to higher curing temperatures which could have 

implications in the resin chemistry and possibly changing its mechanical properties. In 

the extreme case where temperature is too high, it could lead to degradation of the 

chemical bonds which would definitely result in lower mechanical properties of the 

resin and thus in the composite as a consequence.  This would probably lead to an 

earlier failure under fatigue, meaning that the curves would be steeper at higher gelation 

temperatures. Another factor to consider is that the curves are extrapolated assuming 

that the resin has a linear elastic behaviour, which is a valid assumption for estimated 

residual stresses up to gelation temperatures similar to Cycle B. At higher gelation 
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temperatures however, the linear elastic assumption does not hold as the resin tends to 

behave non-linear elastically. 

 For residual stresses lower than the ones estimated for cycle D at 5.8 MPa, the 

curves show an increased influence in fatigue life which should also be addressed. As 

discussed before, for this resin system it is rather difficult to achieve lower residual 

stresses than the ones resulting from curing cycle D. Hence, it is not possible to 

experimentally confirm the curve trend for these residual stress levels. Furthermore, 

while reducing the tensile residual stress may be beneficial for the resin, it can be 

detrimental for the fibres since their compressive residual stresses are reduced. This 

could lead to different damage and failure mechanisms and possibly resulting in earlier 

failure of the material. 

14.2  Fatigue life prediction from residual stresses 

In this section, an attempt is made to predict the fatigue curve for different levels 

of residual stresses in the epoxy resin. This is done by establishing a relationship 

between the fitting parameters of the S-N curves and the respective residual stresses 

calculated for the resin considering each curing cycle. The relationship is purely a data-

driven approach and the determined parameters have not been linked to any physical 

meaning. As mentioned in the introduction of this chapter, the results from the bending 

fatigue case are considered. The method is described ahead and a master curve is 

derived and represented graphically in Figure 14-4 for different levels of resin residual 

stresses. 

Considering the Basquin relation between applied maximum stress and number of 

cycles already stated in Equation (13-1), the parameters 𝑆𝑆0 and 1 𝑚𝑚⁄  can be modelled as 

function of the matrix residual stresses. For the 𝑆𝑆0 dependence on matrix residual stress 

𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 a linear relationship can be used as shown by the experimental data for cycle A, B 

and D and given by:  

𝑆𝑆0 = 𝑎𝑎 × 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 + 𝑏𝑏 ( 14-2) 
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Figure 14-2: S0 parameter as function of the matrix residual stress and linear dependency 
determination for cycle A (𝜎𝜎𝑚𝑚

𝑟𝑟𝑒𝑒𝑖𝑖 = 12.6 𝑀𝑀𝑃𝑃𝑎𝑎), B (𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 25.7 𝑀𝑀𝑃𝑃𝑎𝑎) and D (𝜎𝜎𝑚𝑚

𝑟𝑟𝑒𝑒𝑖𝑖 = 5.8 𝑀𝑀𝑃𝑃𝑎𝑎).  

 

The same approach was used to relate the 1 𝑚𝑚⁄  parameter with the matrix residual 

stress: 

1
𝑚𝑚

= 𝑐𝑐 × 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 + 𝑑𝑑 ( 14-3) 

 

 

Figure 14-3: Parameter (1/m) as function of the matrix residual stress and linear dependency 
determination for cycle A (𝜎𝜎𝑚𝑚

𝑟𝑟𝑒𝑒𝑖𝑖 = 12.6 𝑀𝑀𝑃𝑃𝑎𝑎), B (𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 25.7 𝑀𝑀𝑃𝑃𝑎𝑎) and D (𝜎𝜎𝑚𝑚

𝑟𝑟𝑒𝑒𝑖𝑖 = 5.8 𝑀𝑀𝑃𝑃𝑎𝑎). 

Equation (13-1) can be rewritten considering the dependencies established 

between the S-N curve parameters and the epoxy resin residual stress as: 

𝑺𝑺 = (𝑎𝑎 × 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 + 𝑏𝑏)𝑵𝑵−(𝑐𝑐×𝜎𝜎𝑚𝑚

𝑟𝑟𝑔𝑔𝑟𝑟+𝑑𝑑) (14-4) 



 

14 Relation between residual stresses and fatigue 213 

 
With fitting parameters 𝑎𝑎 and 𝑏𝑏 determined for 𝑆𝑆0 in Figure 14-2 and 𝑐𝑐 and 𝑑𝑑 for 1 𝑚𝑚⁄  
determined in Figure 14-3 summarized in Table 14-2. 
 

Table 14-2: Master curve (Equation (14-4)) determined fitting parameters.  

Parameters 
𝑺𝑺𝟎𝟎 𝟏𝟏 𝒎𝒎⁄  

𝒂𝒂 𝒃𝒃 𝒄𝒄 𝒅𝒅 
11.452 965.43 0.0013 0.036 

 
Using the above master curve with the determined parameters one can plot the S-

N curves for different levels of epoxy residual stresses. Figure 14-4 shows the plot 

curves for different levels of residual stresses in the matrix including the experimental 

points determined from the bending fatigue tests. The curves are plotted in 10 𝑀𝑀𝑃𝑃𝑎𝑎 

increments from 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 0 𝑀𝑀𝑃𝑃𝑎𝑎 to 𝜎𝜎𝑚𝑚

𝑟𝑟𝑒𝑒𝑖𝑖 = 30 𝑀𝑀𝑃𝑃𝑎𝑎 and include the curves at 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 =

12.6 𝑀𝑀𝑃𝑃𝑎𝑎, 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 25.7 𝑀𝑀𝑃𝑃𝑎𝑎 and 𝜎𝜎𝑚𝑚

𝑟𝑟𝑒𝑒𝑖𝑖 = 5.8 𝑀𝑀𝑃𝑃𝑎𝑎 for curing cycles A, B and D 

respectively. 

 

Figure 14-4: S-N model curves for different magnitudes of residual stresses in the matrix. 
Coloured dots: experimental points from cycle A, B and D. Solid lines: S-N model curves inside 

the valid prediction envelope. Dash lines: S-N model curves outside the valid prediction 
envelope.  

As would be expected, the S-N curves for the matrix residual stresses calculated 

for Cycle A (𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 12.6 𝑀𝑀𝑃𝑃𝑎𝑎), B (𝜎𝜎𝑚𝑚

𝑟𝑟𝑒𝑒𝑖𝑖 = 25.7 𝑀𝑀𝑃𝑃𝑎𝑎) and D (𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 5.8 𝑀𝑀𝑃𝑃𝑎𝑎) show 
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good correlation with the respective data points, as these residual stress values were 

used for finding the master curve parameters dependency and showed a good linear fit.  

For 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 0 the curve is above the cycle D curve indicating that the composite 

would performed slighty better at this stress level. However, for a null residual stress in 

the matrix, the temperature of gelation would need to be at 5.7℃ and as discussed in 

previous chapters, for this epoxy system that would be difficult to achieve. Moreover 

and as discussed in the previous section, the change in residual stress balance between 

matrix and fibres could also lead to different failure of the material during testing. 

Therefore, the curves predicted by the model may not be reliable for 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 values 

substantially lower than 5.8 𝑀𝑀𝑃𝑃𝑎𝑎. 

 By increasing the matrix residual stresses in 10𝑀𝑀𝑃𝑃𝑎𝑎 increments, there is a 

progressive shift of the curves to lower fatigue performance. The shift appears to be 

equally spaced and that is explained by the linear relation established between the S-N 

curve parameters and the matrix residual stresses. However, for 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 substantially larger 

than 30𝑀𝑀𝑃𝑃𝑎𝑎 the model may not represent the true fatigue curves due to the complexity 

of fatigue itself involving variables related to microstructure and damage evolution of 

the material which the simple models presented here are not able to capture. 

Nonetheless, this simple method could be reasonably valid for predicting the bending 

fatigue curves inside the range contained by the cycle B and D curves such as the ones 

estimated for 𝜎𝜎𝑚𝑚
𝑟𝑟𝑒𝑒𝑖𝑖 = 10 𝑀𝑀𝑃𝑃𝑎𝑎 and 𝜎𝜎𝑚𝑚

𝑟𝑟𝑒𝑒𝑖𝑖 = 20 𝑀𝑀𝑃𝑃𝑎𝑎.  

 

14.3  Conclusions 

Using the results obtained from the four point bending fatigue tests, a correlation 

between the residual stresses in the resin and the fatigue life of the composite was 

established in a form of a power law function. Plotting the curves considering different 

loads showed a non-linear relationship between the residual stresses and the number of 

cycles to failure with the magnitude of the load defining the offset between curves. The 

increase in residual stresses due to higher gelation temperatures results in a decrease of 

fatigue life of the composite material. While this is verified independently of the load 

applied, the increase in residual stresses also shows that the fatigue load becomes less 

relevant since the difference in number of cycles to failure decreases. For a fatigue load 
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of 600MPa, the number of cycles to failure can be increased by a factor of 3 when 

reducing the residual stresses in 50%. By reducing the residual stresses in about 75% 

then the number of cycles to failure increases by a factor of 10. 

At temperatures of gelation substantially superior to 96℃  (as from Cycle B) the 

relation between the matrix residual stresses and fatigue life may not hold since higher 

processing temperatures may have a detrimental effect on the resin properties, which 

would affect the fatigue life. Moreover, the calculated residual stresses are under the 

assumption of a matrix with linear elastic behaviour which is incorrect for stress values 

superior to the ones calculated for curing Cycle B. In the same way, residual stresses 

with magnitudes lower than the ones calculated for curing Cycle D may not result in the 

exponential increase in fatigue life as observed. Not only because of the resin chemistry 

characteristics itself where gelation at lower temperatures may not be possible but also 

because a further change in stress balance between fibres and resin may lead to a 

different failure mechanism.  

Since there is an apparent correlation between fatigue and residual stresses, an 

attempt to predict the fatigue life of the composite material was carried by modelling the 

dependency between the S-N fatigue curve and the magnitude of the residual stresses in 

the matrix. Plotting the S-N fitting parameters for each of the curing cycles as a function 

of the respective matrix residual stresses showed that this dependency can be expressed 

quite accurately as a linear relation. Introducing this linear dependency on the S-N 

model, the fatigue curves were plotted for different magnitudes of matrix residual 

stresses including the ones estimated for the curing cycles A, B and D showing a good 

fit against the respective experimental fatigue data. While the model may able to 

accurately predict the fatigue life of the material considering residual stresses inside the 

range of the experimental data, extrapolation of these curves outside this range may not 

result in the true fatigue curve of the material. This is largely due to the same reasons on 

why the relation between residual stresses and fatigue life may not hold outside the data 

envelope, i.e. changes in resin properties or (in)ability to gel depending on processing 

temperature, non-linear elastic behaviour of the resin or different failure modes due to 

changes in the fibre/matrix stress equilibrium.  
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15  Conclusions 

In this work, the effect of processing parameters in the development of residual 

stresses and their impact on the mechanical performance of FRPC were investigated. A 

curing kinetic model was determined and used to design different curing cycles yielding 

different magnitudes of residual stresses by varying the gelation temperature and the 

final cure state. An experimental setup consisting of unconstrained neat resin was 

devised to evaluate the effect of the curing cycles on the shrinkage of the thermoset 

resin. Composite plates consisting of a non-crimp unidirectional glass fibre fabric 

having an epoxy resin as binder material were produced under the same curing cycles 

yielding different magnitudes of residual stresses. Test coupons extracted from these 

plates were subjected to mechanical testing under static and dynamic loads in order to 

evaluate the performance of the material. A relation was established between the 

mechanical performance of FRPC and residual stresses which build-up during the 

processing stage. The magnitude of residual stresses was found to be controlled by the 

curing cycles employed. The temperature at which the resin gels played an important 

role in the development of processing induced residual stresses. Throughout this study 

the following conclusions can be summarized:  

• DSC characterization coupled with isoconversional methods suggested that the 

curing reaction mechanism of the epoxy resin could be described as two 

autocatalytic parallel reaction steps where one of the steps includes a diffusion 

factor. The model was validated against dynamic and isothermal DSC scans 

showing a good agreement with the experimental data. 

• The maximum glass transition temperature attainable for the fully cured epoxy 

system was found to be about 82.5℃ and was modelled as a function of the 

degree of cure. From the model fitting to the experimental data, an uncured 𝑇𝑇𝑔𝑔 of 

−53℃ was estimated. The onset and offset of the glass transition temperature was 

also modelled showing a ±8℃ difference relative to the conventional middle 

value of glass transition temperature. 

• The degree of cure measured by DEA showed a good agreement with the one 

reproduced by the DSC curing kinetic model in most of measurements (neat resin 
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and composite). The agreement seems more prominent for faster curing rates. 

However the DEA raw signal (ion viscosity) needs in a first step to be decoupled 

from the temperature influence and then correlated with the DSC degree of cure 

through the glass transition temperature in order to be comparable. 

• Combined measurements of degree of cure in-situ by DEA, curing strain by FBG 

sensor and temperature in unconstrained neat resin setup allowed to determine a 

chemical shrinkage of 0.19% after gelation, a coefficient of thermal expansion of 

9.92𝐸𝐸 − 05 1/𝐾𝐾 and experimentally determine the degree of cure at which 

gelation occurs (𝛼𝛼𝑔𝑔𝑒𝑒𝑏𝑏 = 0.78). 

• Neat resin and UD composite measurement results supported by micromechanical 

modelling showed that curing strains are essentially of compressive nature due to 

shrinkage of the material and strongly depend on: 

o Fibre orientation: Curing strains are substantially lower in the longitudinal 

direction compared to the transverse direction due to higher constraining 

effect posed by the fibres in the longitudinal direction. 

o Fibre content: Increasing the fibre content up to about 10% has a strong 

constraining effect on the material shrinkage and dramatically decreases the 

curing strains in the longitudinal direction. Increasing the fibre content 

above 10% shows that the decreasing strains are less accentuated. In the 

transverse direction on the other hand, there is an increase of the curing 

strains up to 10% fibre content which can be explained by a strong 

constraining effect of the fibres on the longitudinal direction and the resin´s 

Poisson ratio. Above the 10% fibre content there a steady decrease of the 

curing strains. Typical FRPC may have 40% to 60% in fibre content 

meaning that in this range the variation in fibre content has little effect on 

the curing strains.  

o Processing parameters: Regardless of fibre content or fibre orientation, 

curing cycles which result in fully cured materials (Cycle A, B and D) have 

higher curing strains for higher gelation temperatures: Cycle B > Cycle A > 

Cycle D. Having the same chemical strain contribution, the difference is due 

to higher thermal strain contribution. For curing cycles where the gelation 

temperature is the same (Cycle A and C) the curing strains can be reduced 
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by partially cure the material – less chemical strain contribution being Cycle 

C < Cycle A.   

• Process induced residual strains and stresses in FRPC result from the mismatch of 

free strains between fibres and matrix. For the curing cycles employed, they are of 

compressive nature in the fibres and tensional in the matrix. Similar to the curing 

strains, the magnitude of residual strains and stresses depends on the fibre 

orientation, fibre content and processing parameters: 

o Fibre orientation: Residual strains and stresses are substantially larger in 

the longitudinal direction while minimal in the transverse direction of 

unidirectional fibre composites. 

o Fibre content: With increasing fibre content, the compressive residual 

strains and stresses in the fibres are reduced while the tensile strains and 

stresses in the matrix are increased. At low fibre contents (up to 10%) the 

change in magnitude is considerable while increasing fibre content above 

10% the change becomes progressively reduced. At 40% to 60% fibre 

content, typical range of most composites, the processing parameters have 

higher influence in the magnitude of residual strains and stresses. 

o Processing parameters: The matrix and fibres residual strains and stresses 

for the different curing cycles were shown to increase linearly with the 

increase of the gelation temperature. The slope of the relation is dictated by 

the fibre volume fraction and stiffness of the materials. Since the fibres 

stiffness is much higher than the matrix, an increase in gelation temperature 

substantially increases the matrix residual tensile strains while the fibre 

compressive residual strains experience only a small increase. The residual 

stresses in the fibres and matrix also increase with increasing gelation 

temperature however their sum is always null due to the stress balance 

equilibrium. The residual strains and stresses are therefore higher for curing 

Cycle B, followed by curing Cycle A and curing Cycle D with the lowest. 

Having the same gelation temperature, curing Cycle C has lower residual 

strains and stresses than Cycle A due to lower chemical shrinkage.  To 

eliminate the residual stresses of thermal origin, the gelation temperature 

must be equal to the processing final temperature. To achieve a zero net 
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residual stresses, the gelation temperature must be lower than the processing 

final temperature in order to compensate for the residual stresses of 

chemical origin.  

 

• Mechanical testing under static mode of FRPC coupons fully cured (Cycle A and 

B) and partially cured (Cycle C) showed that the curing cycle and consequent 

difference in residual stresses have no effect on the transverse tensile and shear 

properties. In both cases, the observed differences in stiffness were correlated with 

the fibre content. 

• The tensile fatigue in axial direction of the same test series showed that Cycle B 

with higher residual stresses performed worse compared to Cycle A and Cycle C. 

However, due to improper failure of Cycle A and C coupons it was not possible to 

conclude if by partially cure the composite, better fatigue performance could be 

obtained. 

• Four point bending fatigue of fully cured test specimens showed that composites 

produced with higher residual stresses due to higher gelation temperature perform 

worse in fatigue, with Cycle B presenting the worse performance followed by 

Cycle A and then Cycle D with the best performance. 

• Considering a fatigue load of 600MPa, reducing the residual stresses by 50% 

result in an increase of the number of fatigue cycles to failure by a factor of 3. 

However, reducing the residual stresses by 75% leads to a substantial increase in 

the number of cycles to failure – to a factor of 10. 

• A non-linear relationship which can be described by a power law between cycles 

to failure and the matrix residual stresses showed that the applied fatigue load 

becomes less significant with increasing residual stresses.  

• A linear dependency between the matrix residual stresses and the fatigue curves 

parameters was established which allowed predicting the fatigue curves for 

different magnitudes of residual stresses. 

 

The present study showed that the fatigue performance of FRPC strongly depends 

on the magnitude of process induced residual stresses. The development of these during 
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processing can be mitigated by controlling the processing parameters such as time and 

temperature. The gelation temperature has been demonstrated to be an important key 

factor to consider in the design of curing cycles. By controlling the temperature of the 

material it is possible to design optimal cycles not just in terms of better mechanical 

performance but also in terms of reduced production time. Vitrification of the resin 

which can substantially decrease the reaction rate can be a limiting factor when 

designing optimal curing cycles. It should also be emphasized that the final processing 

temperature (or service temperature) is equally an important parameter to considerer. 

While in this work the final processing temperature was set as the same at which 

mechanical testing was conducted (room temperature), it would be recommendable that 

the final processing temperature (and gelation temperature) should be similar to the 

temperature at which the material would be operating. 
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15.1 Suggestions for further work 

Recommendations for further studies: 

 

• Evaluate the fatigue performance of composites where curing cycles are design 
to reach zero net residual stresses and/or reverse the stress state in matrix and 
fibres. The gelation temperature would have to be sufficiently lower than the 
testing temperature to achieve zero net residual stresses or even lower so that the 
matrix residual stresses are in compression and the fibres in tension. It would 
also be interesting to evaluate the failure mechanism when the fibres and matrix 
are in a reversed stress state.  
 

• Conduct further research work regarding the use of FBGs when detecting 
deformation due to vitrification of the resin. 
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Appendix A Density Measurements Results 

Uncured Epoxy 

Table A-1: Uncured Epoxy measured by liquid pycnometer: ARALDITE LY 1568 CH, Batch 

nr. AAG1312400. Measurements and estimated density average of 4 samples. 

Pycnometer  

nr 

Volume 

(cm3) 

Weight empty 

(g) 

Weight full 

(g) 

Density 

(g/cm3) 

46 24.944 20.5220 48.6278 1.1268 

56 25.009 20.5723 48.7469 1.1266 

73 25.343 20.4543 49.0092 1.1267 

167x 25.143 20.3506 48.6917 1.1272 

  
Average 1.1268 

  
Standard deviation: 0.0003 

 

 

Table A-2: Hardener measured by liquid pycnometer: Aradur 3486 BD; Batch AAG1125600. 

Measurements and estimated density average of 4 samples. 

Pycnometer 

 nr 

Volume  

(cm3) 

Weight empty 

(g) 

Weight full 

(g) 

Density 

(g/cm3) 

46 24.944 20.5228 43.8629 0.9357 

56 25.009 20.5737 43.9828 0.9360 

73 25.343 20.4554 44.1663 0.9356 

167x 25.143 20.3512 43.8858 0.9360 

  
Mean 0.9358 

  
Standard deviation: 0.0002 
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Cured Epoxy 

Table A-3: Density measurements using the Archimedes principle for fully cured epoxy resin. 

Measurements and estimated density average of 4 samples. 

Sample 

Nr. 

Sample 

weight 
Temp 

Leashes 

in 

Sample 

weight 
Density Density Buoyancy  

Air Water Water Water Sample Water Sample 

[g] [°C] [g] [g] [g/cm3] [g/cm3] [g] 

1 2.119 22.2 0.0001 0.2536 1.1333 0.9977 1.8657 

2 2.097 22.2 0.0001 0.2516 1.1337 0.9977 1.8457 

3 2.118 22.2 0.0001 0.2553 1.1344 0.9977 1.8628 

4 2.199 22.2 0.0001 0.2665 1.1353 0.9977 1.9323 

Average 1.1342   

Standard deviation 0.0009   

 

 

Figure A-1: DSC scan of epoxy sample extracted from the batch used for density measurements 
after being cured for 24h at room temperature followed by 4h at 95°C. 
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Appendix B FBG strain tolerance at gel point  

The strain at gelation can be defined at a strain value where the resin starts to 

induce deformation on the sensor. Due to some variation of the signal, a strain tolerance 

needs to set as such that once the strain is larger than the tolerance then it can only be 

due to deformation caused by the curing of the resin. Figure B-1 shows a detail of the 

strain measurement in Figure 6-27 for the initial 100min of the epoxy cured at 95°𝐶𝐶. 

The optical shift is converted to strain using Equation (6-22) where it’s possible to see 

some strain variation despite the expected strain to be null. This happens in the initial 

temperature ramp and the small variation is possibly caused by a temperature 

dependency of the thermo-optic coefficient (𝜉𝜉) which in the equations is assumed 

constant. The strain variation is no larger than ±0.0025% strain and therefore a strain 

tolerance of ±0.005% is considered acceptable. After this point, the strain measured is 

caused by the curing of the resin and therefore is then plotted considering Equation 

(6-28). 

 

Figure B-1: Curing strain measurement detail from Figure 6-27 with strain plotted according to 
Equation (6-22) for the pre-gel and Equation (6-28) for the post-gel state with the defined gel 

tolerance. 
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Appendix C Neat Resin Tensile Testing 

Epoxy mechanical properties 

Tensile testing of fully cured epoxy resin was conducted on 10 dog-bone shaped 

specimen – Figure C-1. The specimens were cut-out from a neat 5mm thick resin plate 

cured according to Cycle A. Specimens were numbered with the code EPN-NA-## 

where ## correspond to the specimen incremental number. The first 5 tested specimens 

were used to measure the resin E-modulus, maximum stress and strain (EPN-NA-01 to 

05). The tensile tests were performed using a 10kN load cell, under load control and test 

speed set at 2mm/min. The average strain was calculated from displacement 

measurements given by 2 extensometers placed at the back and front of the gauge area. 

The stress-strain curve is presented in Figure C-2 and a summary of the results is 

presented in Table C-1. 

 

 

 

Figure C-1: Neat epoxy resin dog-bone shaped test specimens for tensile testing. 
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Figure C-2: Tensile stress-strain plot of tested epoxy specimens fully cured according to curing 
Cycle A and stress-strain curve extrapolated from the linear elastic region. 

 

Table C-1: Summary of results from tensile testing of cured epoxy resin. 

Specimen Width  
 [mm] 

Thickness  
 [mm] 

E-
modulus  
 [GPa] 

Max 
stress  

 [MPa] 

Linear 
strain  
 [%] 

Uniform 
strain  
 [%] 

EPN-NA-01 15.06 4.68 2.96 66.73 2.25 3.62 
EPN-NA-02 15.09 4.77 3.01 66.12 2.20 3.58 
EPN-NA-03 15.06 4.88 3.01 67.30 2.24 3.59 
EPN-NA-04 15.04 4.75 3.07 67.67 2.20 3.56 
EPN-NA-05 15.09 4.87 3.00 67.47 2.25 3.66 
Average   3.01 67.06 2.23 3.60 
Std dev.   0.04 0.63 0.03 0.04 
CV [%]   1.35 0.94 1.21 1.11 
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Epoxy Poisson ratio  

The Poisson ratio was experimentally determined from tensile testing of the 

remaining test specimens (EPN-NA-06 to 10). Strain gauges measuring on the axial and 

transverse to the load direction were placed at the front and back of the test specimen 

gauge section as depicted by Figure C-3.  The test was performed on the same 

equipment and conditions as already described previously.  

 

 

Figure C-3: Diagram representing the positioning of strain gauges on the load axial direction 
(Gauge 2) and transverse (Gauge 1). 

Figure C-4 shows the four strain measurements obtained during the tensile testing 

of sample EPN-NA-07 as example. 

 

 

Figure C-4: Strain-time curves obtained for the test specimen EPN-NA-07: Axial and transverse 
strain at the front and back of the gauge section.  
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The axial and transverse strain calculated as averages from the two strain measurements 

as:  

𝜀𝜀𝑎𝑎𝑚𝑚𝑖𝑖𝑎𝑎𝑏𝑏 =
𝜀𝜀𝑎𝑎𝑚𝑚𝑖𝑖𝑎𝑎𝑏𝑏_𝑒𝑒𝑟𝑟𝑖𝑖𝑛𝑛𝑡𝑡+ 𝜀𝜀𝑎𝑎𝑚𝑚𝑖𝑖𝑎𝑎𝑏𝑏_𝑏𝑏𝑎𝑎𝑐𝑐𝑏𝑏 

2
 (C-1) 

And 

𝜀𝜀𝑡𝑡𝑟𝑟𝑎𝑎𝑛𝑛𝑖𝑖 =
𝜀𝜀𝑡𝑡𝑟𝑟𝑎𝑎𝑛𝑛𝑖𝑖𝑓𝑓𝑟𝑟𝑓𝑓𝑓𝑓𝑖𝑖+ 𝜀𝜀𝑡𝑡𝑟𝑟𝑎𝑎𝑛𝑛𝑖𝑖𝑏𝑏𝑎𝑎𝑐𝑐𝑏𝑏

2
 (C-2) 

In Figure C-5 the axial average strain is plotted as function of the transverse average 

strain for all samples tested. And since: 

𝜈𝜈 = −
𝜀𝜀𝑡𝑡𝑟𝑟𝑎𝑎𝑛𝑛𝑖𝑖

𝜀𝜀𝑎𝑎𝑚𝑚𝑖𝑖𝑎𝑎𝑏𝑏
 (C-3) 

Then the Poisson ratio can be determined from the slope of the linear regression of the 

experimental data between 0.05% and 0.25% axial strain.   

The Poisson ratio for the neat fully cured epoxy resin was determined as: 

 

𝝂𝝂 = 𝟎𝟎. 𝟑𝟑𝟑𝟑𝟑𝟑𝟐𝟐𝟑𝟑 ± 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟓𝟓𝟏𝟏𝟑𝟑𝟓𝟓 

 

 

Figure C-5: Transverse strain as function of axial strain (average from 2 measurements) for 
epoxy resin samples EPN-NA-06 to 10. Linear regression between 0.05% and 0.25% axial 

strain.  
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Appendix D  Stiffness Calculations 

Longitudinal stiffness 

Table D-1 summarizes the results of fibre volume fractions and composite 

stiffness obtained experimentally from two batches of manufactured panels according to 

curing Cycles A, B, C for the first batch and Cycles A, B, C and D for the second. The 

composite stiffness was measured from the first loading cycle during tensile fatigue 

testing of each specimen (longitudinal direction).  

In this study, it was not possible to experimentally obtain the fibres 𝐸𝐸 modulus. Instead, 

it was calculated using a rule of mixtures (ROM) for unidirectional composites in the 

fibre direction: 

 

𝐸𝐸1,𝐷𝐷 = 𝐸𝐸𝑒𝑒𝐼𝐼𝑒𝑒 +  𝐸𝐸𝑚𝑚(1 − 𝐼𝐼𝑒𝑒) (D-1) 

   

The epoxy resin 𝐸𝐸 modulus was measured from tensile testing of neat resin 

coupons (results in Appendix C) that have been fully cured according to Cycle A and is 

assumed to be representative of the resin 𝐸𝐸 modulus for Cycle B, and D. In the case of 

Cycle C, no tensile testing was conducted on partially cured resin which most likely 

would show an inferior 𝐸𝐸 modulus. In lack of experimental verification, the fully cured 

𝐸𝐸 modulus is considered in the fibre stiffness calculations for Cycle C series. It should 

be noted that the even though the partially cured 𝐸𝐸 modulus would be lower, it has little 

significance in the estimation of the fibre 𝐸𝐸 modulus. 

Table D-1: Results of fibre volume fractions and stiffness for composites fully cured according 

to cycle A, B, C and D (subscripts denote the batch number).Underlined results correspond to 

calculated values by Equation C-1.1.  

Curing Cycles  𝑽𝑽𝒇𝒇 𝑽𝑽𝒎𝒎 𝑬𝑬𝒄𝒄 
(𝑮𝑮𝑴𝑴𝒂𝒂) 

𝑬𝑬𝒎𝒎 
(𝑮𝑮𝑴𝑴𝒂𝒂) 

𝑬𝑬𝒇𝒇 
(𝑮𝑮𝑴𝑴𝒂𝒂) 

A1 0.50 0.50 40.47 3.00 77.94 
A2 0.51 0.49 42.43 3.00 81.08 
B1 0.55 0.45 46.03 3.00 81.95 
B2 0.49 0.51 40.06 3.00 78.63 
C1 0.53 0.47 44.81 3.00 81.44 
C2 0.50 0.50 41.82 3.00 80.80 
D2 0.51 0.49 41.56 3.00 78.61 

Average: 80.06 
Std. Dev.: 1.50 
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Transverse and Shear stiffness 

While ROM is considered a good approximation for calculating the longitudinal 

stiffness of FRPC, the inverse ROM is less satisfactory for estimating the transverse and 

shear stiffness of composites resulting in underestimations of the true stiffness of the 

material. The empirical model by Halpin-Tsai [170] provides a more accurate 

estimation with the transverse stiffness (𝐸𝐸𝑇𝑇) being calculated as:   

 

𝐸𝐸𝑇𝑇 = 𝐸𝐸𝑚𝑚𝑇𝑇 �
1 + 𝜁𝜁𝜂𝜂𝐼𝐼𝑒𝑒

1 − 𝜂𝜂𝐼𝐼𝑒𝑒
� (D-2) 

 

With 𝜂𝜂 defined as:  

𝜂𝜂 =
�𝐸𝐸𝑒𝑒𝑇𝑇 𝐸𝐸𝑚𝑚𝑇𝑇⁄ � − 1
�𝐸𝐸𝑒𝑒𝑇𝑇 𝐸𝐸𝑚𝑚𝑇𝑇⁄ � + 𝜁𝜁

 (D-3) 

 

In the same manner, the shear modulus (𝐺𝐺𝐿𝐿𝑇𝑇) according to the Halpin-Tsai model is 

expressed as:  

 

𝐺𝐺𝐿𝐿𝑇𝑇 = 𝐸𝐸𝑚𝑚 �
1 + 𝜁𝜁𝜂𝜂𝐼𝐼𝑒𝑒

1 − 𝜂𝜂𝐼𝐼𝑒𝑒
� (D-4) 

 

And 𝜂𝜂 defined as;  

 

𝜂𝜂 =
�𝐺𝐺𝑒𝑒 𝐺𝐺𝑚𝑚⁄ � − 1
�𝐺𝐺𝑒𝑒 𝐺𝐺𝑚𝑚⁄ � + 𝜁𝜁

 (D-5) 

 

For both the transverse and shear modulus, 𝜁𝜁 is a shape parameter where for round 

fibres can be set as 2. Both the glass fibres and the epoxy resin are assumed to be 

isotropic and therefore 𝐸𝐸𝑒𝑒 = 𝐸𝐸𝑒𝑒𝑇𝑇 and 𝐸𝐸𝑚𝑚 = 𝐸𝐸𝑚𝑚𝑇𝑇 while 𝐺𝐺𝑒𝑒 = 𝐸𝐸𝑒𝑒 2(1 + 𝜐𝜐𝑒𝑒)⁄  and 𝐺𝐺𝑚𝑚 =

𝐸𝐸𝑚𝑚 2(1 + 𝜐𝜐𝑚𝑚)⁄ . Table D-2 shows the results for the calculations of the transverse and 

shear stiffness of composites cured according to cycles A, B and C which were 

experimentally tested in transverse tension and shear.  
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Table D-2: Estimated transverse and shear modulus using the Halpin-Tsai models for 

composites produced in the first batch according to cycles A, B and C.   

Curing 
Cycles 𝑽𝑽𝒇𝒇 𝑽𝑽𝒎𝒎 𝝂𝝂𝒇𝒇 𝝂𝝂𝒎𝒎 

𝑬𝑬𝒇𝒇 
(𝑮𝑮𝑴𝑴𝒂𝒂) 

𝑬𝑬𝒎𝒎 
(𝑮𝑮𝑴𝑴𝒂𝒂) 

𝑬𝑬𝑻𝑻 
(𝑮𝑮𝑴𝑴𝒂𝒂) 

𝑮𝑮𝑳𝑳𝑻𝑻 
(𝑮𝑮𝑴𝑴𝒂𝒂) 

A1 0.50 0.50 0.22 0.37 80.06 3.00 10.31 3.82 

B1 0.55 0.45 0.22 0.37 80.06 3.00 11.75 4.36 

C1 0.53 0.47 0.22 0.37 80.06 3.00 11.14 4.13 
 

Backing fibres  

These calculations do not account for the effect of the backing fibre bundles 

which at ±80° orientation can add some stiffness to the composite, particularly in the 

transverse direction. The off-axis tensile stiffness (𝐸𝐸𝜃𝜃) of the backing fibres can be 

calculated by the following expression [180]:  

 

    1
𝐸𝐸𝜃𝜃

= 1
𝐸𝐸𝐿𝐿

𝑐𝑐𝑚𝑚𝑠𝑠4𝜃𝜃 + �− 2𝜈𝜈𝐿𝐿𝑅𝑅
𝐸𝐸𝐿𝐿

+ 1
𝐹𝐹𝐿𝐿𝑅𝑅

� 𝑠𝑠𝑖𝑖𝑛𝑛2𝜃𝜃 𝑐𝑐𝑚𝑚𝑠𝑠2𝜃𝜃 + 1
𝐸𝐸𝑅𝑅

𝑠𝑠𝑖𝑖𝑛𝑛4𝜃𝜃  (D-6) 

 

Where 𝐸𝐸𝐿𝐿, 𝐸𝐸𝑇𝑇 and 𝐺𝐺𝐿𝐿𝑇𝑇 are the composite longitudinal, transverse and shear modulus 

respectively. 𝜃𝜃 is the backing fibres orientation angle (10°) relative to the load direction 

and the composite Poisson ratio (𝜈𝜈𝐿𝐿𝑇𝑇) can be estimated as 𝜈𝜈𝐿𝐿𝑇𝑇 = 𝜈𝜈𝑒𝑒𝐼𝐼𝑒𝑒 +  𝜈𝜈𝑚𝑚𝐼𝐼𝑚𝑚.  

As for the estimation of the off-axis shear modulus (𝐺𝐺𝜃𝜃) of the composite 

backing fibres at 80°, it can be obtained by [180]: 

 
1

𝐺𝐺𝜃𝜃
= 2 � 

2
𝐸𝐸𝐿𝐿

+
2

𝐸𝐸𝑇𝑇
−

4𝜈𝜈𝐿𝐿𝑇𝑇

𝐸𝐸𝐿𝐿
−

1
𝐺𝐺𝐿𝐿𝑇𝑇

� sin2 𝜃𝜃 cos2 𝜃𝜃 +
1

𝐺𝐺𝐿𝐿𝑇𝑇
(sin4 𝜃𝜃 + cos4 𝜃𝜃) (D-7) 

 

The composite transverse and shear stiffness´s are a combination of the 

composite main fibres and backing fibres stiffness contributions and can be quantified 

by a simple ROM considering their respective fractions.  For the composite transverse 

stiffness this combination becomes:  

 

𝐸𝐸𝑇𝑇(90°+10°) = 𝐸𝐸𝑇𝑇(90°)𝐼𝐼𝑒𝑒(10°) + 𝐸𝐸𝑇𝑇(90°)𝐼𝐼𝑒𝑒(10°)  (D-8) 

 

While the combined shear can be expressed as:  
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𝐺𝐺𝐿𝐿𝑇𝑇(0°+80°) = 𝐺𝐺𝐿𝐿𝑇𝑇 (0°)𝐼𝐼𝑒𝑒(0°) +  𝐺𝐺𝐿𝐿𝑇𝑇 (80°)𝐼𝐼𝑒𝑒(80°)  (D-9) 

 

Knowing the areal weight from each type of fibres composing the glass fabric, 

the respective fibre fractions can be estimated (Table D-3).  The composites transverse 

and shear stiffness’s for the different curing cycles can then be calculated taking into 

account the stiffness contribution of the backing fibres. The results are summarized in 

Table D-4.  

 

Table D-3: Estimated fibre fractions considering the areal weight of the different fibres.   

 𝟎𝟎°   ∓𝟖𝟖𝟎𝟎°  Stich 
Yarn Total 

Areal Weight 
[g/m2] 1322 60 15 1397 

𝑽𝑽𝒇𝒇 0.946 0.043 0.011 1 
 

Table D-4: Estimated transverse and shear modulus of composites produced in the first batch 

according to Cycles A, B and C taking into account the effect of backing fibres.     

Curing 
Cycles 

𝐼𝐼𝑒𝑒(90°) 𝐼𝐼𝑒𝑒(10°) 
𝐸𝐸𝑇𝑇(90°) 
(𝐺𝐺𝑃𝑃𝑎𝑎) 

𝐺𝐺𝐿𝐿𝑇𝑇 (0°) 
(𝐺𝐺𝑃𝑃𝑎𝑎) 

𝐸𝐸𝑇𝑇(10°) 
(𝐺𝐺𝑃𝑃𝑎𝑎) 

𝐺𝐺𝐿𝐿𝑇𝑇 (80°) 
(𝐺𝐺𝑃𝑃𝑎𝑎) 

𝑬𝑬𝑻𝑻(𝟗𝟗𝟎𝟎°+𝟏𝟏𝟎𝟎°) 
(𝐺𝐺𝑃𝑃𝑎𝑎) 

𝑮𝑮𝑳𝑳𝑻𝑻(𝟎𝟎°+𝟖𝟖𝟎𝟎°) 
(𝐺𝐺𝑃𝑃𝑎𝑎) 

 [Table 
D-3] 

[Table 
D-3] 

Eq. (D-2) 
[Table 
D-2] 

Eq. (D-4) 
[Table 
D-2] 

Eq.(D-6) Eq. (D-7) Eq. (D-8) Eq. (D-9) 

A1 

0.946 0.043 

10.31 3.82 33.52 2.47E-7 11.19 3.79 

B1 11.75 4.36 37.03 2.17E-7 12.71 4.33 

C1 11.14 4.13 35.60 2.43E-7 12.07 4.10 
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Appendix E Neat Epoxy Resin experiments 

DSC samples scans 

 

Figure E-1: DSC scan of neat resin epoxy sample after processing by curing Cycle A. Residual 
heat of reaction from non-reversing DSC curve used to estimate the sample final degree of cure.  

 
Figure E-2: DSC scan of neat resin epoxy sample after processing by curing Cycle B. Residual 

heat of reaction from non-reversing DSC curve used to estimate the sample final degree of cure. 
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Figure E-3: DSC scan of neat resin epoxy sample after processing by curing Cycle C. Residual 
heat of reaction from non-reversing DSC curve used to estimate the sample final degree of cure. 

 

 Figure E-4: DSC scan of neat resin epoxy sample after processing by curing Cycle D. 
Residual heat of reaction from non-reversing DSC curve used to estimate the sample final 

degree of cure. 

  



 

Appendix F 245 

Appendix F  Composite plate experiments 

DSC samples scans 

 The curing state of the composite samples after processing was estimated by 

accessing the 𝑇𝑇𝑔𝑔 of the cured sample by DSC analysis. The degree of cure was then 

back calculated using the DiBenedeto equation. Rearranging equation (3-1) the degree 

of cure can be estimated as:  

 

𝜶𝜶 =
1

𝜆𝜆
𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑔𝑔0  
𝑇𝑇𝑔𝑔∞ − 𝑇𝑇𝑔𝑔0

+ 1 − 𝜆𝜆
 

(F-1) 

 

With the following obtained parameters: 𝑇𝑇𝑔𝑔∞ = 82.5°𝐶𝐶, 𝑇𝑇𝑔𝑔0 = −53°𝐶𝐶 and  

𝜆𝜆 = 0.51.  

 

 

 Figure F-1: DSC scan of composite sample after processing by curing Cycle A. Glass 
transition temperature estimated from the reversing DSC curve was used to estimate the sample 

final degree of cure.  
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Figure F-2: DSC scan of composite sample after processing by curing Cycle B. Glass transition 
temperature estimated from the reversing DSC curve was used to estimate the sample final 

degree of cure. 

 

 

Figure F-3: DSC scan of composite sample after processing by curing Cycle C. Glass transition 
temperature estimated from the reversing DSC curve was used to estimate the sample final 

degree of cure. 
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Figure F-4: DSC scan of composite sample after processing by curing Cycle D. Glass transition 
temperature estimated from the reversing DSC curve was used to estimate the sample final 

degree of cure. 
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