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Kurzfassung 
 
Nanopartikeln (NP) bieten einen vielversprechenden Weg, um effektiv die Eigenschaften 
von Strukturen aus faserverstärkten Kunststoffen (FVK) zu verbessern und bestimmte 
Funktionalitäten einzubringen. In dieser Doktorarbeit wurde die Funktionalisierung von 
FVK-Strukturen mit drei repräsentativen NP-Systemen mit unterschiedlichen chemischen 
und physikalischen Charakteristika (Böhmit, Siliziumdioxid und Carbon-Nanotube) 
vergleichend untersucht. Zunächst, aufgrund der Interaktionen zwischen den drei 
Ausgangskomponenten sowie ihrem Einfluss auf Prozess und finale Eigenschaften, 
werden die kritischen Materialeigenschaften jeder Komponente und ihre gegenseitigen 
Beeinflussungen systematisch charakterisiert. Darüber hinaus werden schwerpunktmäßig 
die bedeutenden Prozessaspekte wie die Aushärtungskinetik, die Rheologie der NP-
modifizierten Epoxidharzmatrix sowie das Kompaktierungsverhalten (globaler/lokaler 
Faservolumengehalt, Makro-/Mikroporosität) und die Permeabilität der Faserpreforms 
unter Berücksichtigung des Filtereffekts der NP kritisch untersucht und modelliert. 
Anschließend, in Anbetracht des komplexen Fließ- und Filterverhaltens der mit 
unterschiedlichen NP-modifizierten Epoxidharzmatrix, werden unterschiedliche 
Imprägnierungsstrategien – bestehend aus In-Plane- (sequentielle und parallele Injektion) 
und Out-of-Plane-Methoden – untersucht. Die Prozessentwicklung wird sowohl durch 
Experimente als auch Simulationen zum Imprägnier- und Aushärteverhalten von NP-
modifizierten Epoxidharzsystemen unterstützt. Schließlich, es werden die mechanischen 
(mit dem Fokus auf kritische, matrixdominierte Eigenschaften, wie z.B. Risszähigkeit, 
Biege und interlaminar Schereigenschaften), thermisch-mechanischen und elektrischen 
Eigenschaften der FVKs hinsichtlich der eingesetzten NP-Systeme vergleichend 
untersucht. Die Ergebnisse zeigen deutliche Verbesserungen dieser Eigenschaften durch 
die Modifizierung mit NP. 
 
Abstract 
 
Nanoparticles (NPs) provide a promising way to effectively improve the performance of 
fiber reinforced polymer (FRP) structures or introduce certain functionalities to them. In 
this thesis, the functionalization of FRPs with three representative NP systems with 
different chemical and physical characteristics (boehmite, silica and carbon nanotube) is 
comparatively investigated. Firstly, due to the interactions among the base components 
(NP, epoxy matrix and fiber reinforcement) and their influence on the process and the final 
properties, the critical material characteristics of each component and their interactions 
are systematically investigated. Moreover, the important processing aspects such as cure 
kinetics and rheology of the NP-modified epoxy matrix as well as the compaction behavior 
(global/local fiber volume fraction and macro/micro porosity) and permeability of the fiber 
preform considering the NP retention effect are critically studied and modeled. 
Furthermore, the NP-modified epoxy matrix systems show complex flow and retention 
behavior depending on the ratio of the critical particle size to macro/micro porosity of the 
preform. Therefore, different impregnation strategies – including in-plane (sequential and 
parallel injection) and out-of-plane methods – are investigated. The process development 
is supported by both experimental and simulation studies regarding the impregnation, as 
well as cure behavior of NP-modified epoxy resin systems, so that a faster and more robust 
process design can be guaranteed. Finally, the mechanical (focusing on critical matrix-
dominated properties, i.e. interlaminar fracture toughness, flexural and interlaminar shear 
strength), thermal-mechanical and electrical properties of the FRPs regarding the different 
NP-epoxy systems are comparatively investigated. The results show a remarkable 
enhancement of these properties by the modification with NPs. 
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1 Introduction 
New materials and processing technologies are leading innovations in human history, always 

being at the forefront of social development. The advancement of society puts enhanced 

requirements on materials with more and more extreme boundary conditions, which needs 

interdisciplinary interactions/integrations from different scientific and technological aspects. 

For material science and technology, this trend is getting more and more urgent, requiring 

combined – high mechanical, electrical and thermal properties – or even in some cases 

contradictory property demands, i.e. higher stiffness/strength properties but also high 

toughness at low weight, etc. A single material can hardly satisfy many such harsh application 

requirements, which requires the combination of different materials in a synergistic way. 

Composite materials are the combination of at least two different material components – often 

ones that have very different properties – in a synergistic way to combine the advantages of the 

single components to achieve unique properties. Natural composites exist broadly in both 

plants and animals, including wood and bone, etc.  Engineered composites go back to 1000 BC 

in the form of cob (a mixture of straw and mud) to form bricks for building construction. (Mud 

can be easily dried out (molded) into a brick shape to give the required geometry as a building 

material. It holds quite well by compression load – has a good compressive strength – but 

breaks quite easily by stretching or bending – indicating a poor tensile strength. On the contrary, 

straw bears quite well when stretched, but buckles easily when compressed. By mixing mud 

and straw together, it is possible to make bricks that are stable for diverse application loads, 

which makes them excellent building blocks. Another example of one of the wide-known 

composite is concrete, which is based on the similar principle of combining different 

characteristics of cement with gravel aggregate and even wood/metal rods as reinforcement 

material.   

As one of the modern composite materials, Fiber Reinforced Polymer Composite (FRPC), also 

known as Fiber Reinforced Plastic/Polymer (FRP) or Advanced Polymer Composite (APC), is 

a combination of polymeric matrix with fibers as reinforcement. The polymeric matrix 

(thermoset, thermoplastic or elastomer) acts as a binding material by supporting and bonding 

the fibers to transfer the load. As the polymers are easy to process, they deliver a superior 

molding and shaping ability for the FRPs, which remarkably simplifies the fabrication process. 

However, they are weak in tensile, bending, shear and impact load conditions, these 

disadvantages can be effectively compensated by strong reinforcing fibers – including mostly 

carbon, glass and aramid fibers.  
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The biggest advantage of FRPs is that they are light in weight but strong.  According to studies, 

the weight-saving potential of FRPs could be up to 60 -70 % compared to steel, and 40 -50 % 

compared to aluminum with the same performance [1]. Due to these advantages, the FRPs have 

demonstrated clear-cut advantages with advanced performance at decreased weight over more 

conventional metallic materials and gained rapid development. From the early application of 

FRPs around 1940s, which was then just limited to military fields, FRPs are becoming more 

and more favorable in engineering applications in many demanding aerospace, wind energy, 

automotive, infrastructure, and consumer industries.  

  
Figure 1.1: FRP stiffness and strength vs. metals [2-4] 

In recent years, applications of FRPs for a variety of large and complex structural parts and 

components in many civil industrial applications are becoming a reality: e.g. airplane bodies 

and wings, wind turbine blades of more than 70 m, rail cars, automotive bodies, buildings and 

so on. For instance, the latest Boeing-787 airplane is fabricated with up to 50 % composites by 

weight, while the Airbus-A350 XWB is fabricated with 53 %. According to several different 

survey and evaluation reports from the Roland Berger Strategy Consultants [1], Federation of 

Reinforced Plastics e.V. & Carbon Composites e.V. [5], and Toray Industries, Inc. [6], the 

world carbon fiber demand is expected to maintain an annual growth rate of 12 - 17 %, breaking 

at about 100 - 140 Ktons/year by 2020 [1, 5, 6]; while the market demand for the carbon fiber 

industry is expecting a full-scale expansion in industry applications, including automobile, 

mechanical engineering, oil and wind energy sectors [6].  

  

Figure 1.2: Carbon fiber market revolution and forecast [6, 7] 
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Besides the lightweight advantage, FRPs provide a quite high design and manufacturing 

flexibility. By choosing an appropriate combination of matrix and reinforcement fiber material 

and even in compiling its layup stacking sequence, a new material can be adjusted to optimally 

meet the requirements of particular load conditions, in order to achieve maximum 

stiffness/strength-to-weight ratio and performance.      

1.1 Motivation 

The large-scale application of FRPs is determined on one hand by the performance and on the 

other hand by the cost, which is why it is critical to achieve an optimized balance between the 

properties and process. Therefore, a synergistic evaluation of all factors – material, process and 

properties, is necessary to achieve a complete view of the critical aspects in each chain to 

determine the relationships and provide feasible and practical future development and solution 

concepts [8].  

1.1.1 Material and final properties 

Between the two basic components in FRPs, the polymeric matrix has functions of force 

transmission, shaping, surface condition/quality, chemical resistance, UV-load, heat/electrical 

deflection resistance and so on. The other reinforcing component is fiber – mostly carbon, glass 

and aramid. Fiber is responsible for strength, stiffness, drapability, fatigue behavior, energy 

absorption and so on. The fiber filaments/rovings can be woven, knitted and braided into 

different textile structures, for accelerating production efficiency and increasing the structural 

properties [9-11]. 

Mode I Mode II Mode III

Impact

Delamination

Matrix

Fiber

Impact resistance/tolerance Fracture toughness
 

Figure 1.3: Micro structure of FRPs and critical failures due to the low matrix-dominated properties 
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The final properties of FRPs are determined by both matrix and fibers, as well as their 

interphase. Although the FRPs show outstanding performance regarding the fiber-dominated 

properties, but the low matrix-dominated properties e.g. interlaminar shear, fracture 

toughness, impact and damage tolerance, as shown in the Figure 1.3, are still quite critical in 

high-performance applications.  

In addition, the acting efficiency of the fibers is remarkably compromised due to the 

comparably much lower properties of the matrix. According to related studies and reports, 

the weight-to-stiffness and weight-to-strength of the carbon fibers would be compromised 

in the composite laminate by about 60% and 30% respectively [4, 12]. The potential usage 

degree of fibers could be increasingly brought into play by enhancing the stiffness, strength 

and the fracture toughness of the resin matrix.  

  
Figure 1.4: Specific fiber (left) and laminate (right) stiffness and strength compared to metal alloys [12] 

Besides, the evolution of the final properties of FRP structures is strongly influenced by its 

cure process during the fabrication process. Due to the large heterogeneity in the thermal and 

mechanical properties between the matrix and fiber, there is a strong interaction between the 

thermal and mechanical properties, which makes the thermal-mechanical properties quite 

critical.  

Of particular note, high-performance and temperature-stable resin systems tend to be brittle, 

and show high reaction shrinkage after curing. In addition, due to the large difference in the 

thermal conductivity and thermal expansion coefficients between the polymer matrix and fiber, 

there would be a quite heterogeneous volume change between the two components and 

temperature gradient at the interphase during the curing process. It could inevitably lead to 

residual stresses at the fiber/matrix interphase, resulting in spring-in/back, warpage, and 

other geometric distortions. These residual stresses and resulted distortions have a significant 

influence, especially considering large-scale aerospace structures, on the dimensional accuracy, 

stability and structural performance of the whole structure, as shown in Figure 1.5.  
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Figure 1.5: Process-induced distortions and potential assemblly issues (magnified) 

In addition, there are also certain applications where a high electrical conductivity of the FRP 

structures is necessary. For example, most aircraft, large commercial jets and wind turbines are 

quite vulnerable to lightning strikes [13]. Composite structures in these applications are 

inferior to their metal counterparts, as the extreme electrical currents and 

electromagnetic forces generated by lightning strikes cannot be well conducted and 

dissipated away. Composite materials are either not conductive at all (e.g., GFRPs) or are 

significantly less conductive than metals (e.g., CFRPs). Therefore, currently, the surfaces of 

airplane wings and fuselage structures need to be electrically conductive in order to dissipate 

the current flow along the conductive way and protect the structures. The currently available 

lightning strike protection structures rely on bonded aluminum/copper foils or meshes 

combined with metallic strips to form an electrical structure network, which inevitably 

increases the production complexity and final structural weight. 

  
Figure 1.6: Lightning test for wind blade [14] Figure 1.7: A generic thrust reverser panel with 

lightning strike damage [15] 

1.1.2 Process 

There are several different fabrication processes for FRPs, and these are developed considering 

the material process-ability, process/production complexity, application requirements and cost, 
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etc. Figure 1.8 shows an overview of the most representative fabrication technologies that are 

applied nowadays. Based on the processing matrix viscosity, they can be principally 

categorized into liquid composite molding (LCM) technology for low viscous matrices, 

and prepreg technology for high viscous matrices.  

Prepreg technology is based on a prepreg material – a thin semi-finished composite layer in 

which reinforcement fiber is pre-impregnated with a thermoplastic or thermoset resin matrix 

in a certain ratio. Generally, the matrix system in a prepreg material is partially cured for ease 

of handling and is stored at low temperature (normally at -18 °C) to prevent further 

polymerization. The reinforcement in a prepreg is mostly based on unidirectional fibers or 

woven fabrics. This prepreg material will be laid up on a mold with a certain stacking sequence, 

as shown in Figure 1.9, and after that, will be cured in an autoclave or oven with high pressure 

and temperature to achieve full polymerization. The prepreg technology is nowadays often 

used in aerospace, aircraft and other high-performance applications due to the high quality of 

the structures that are produced. Unfortunately, the total cost of the composite structures that 

are produced by the prepreg technology is rather high considering the additional prepreg 

manufacturing process, excessive cost by storage at low temperature but still limited storage 

time, as well as high energy and time cost by the harsh curing requirements in autoclave. 

Moreover, due to the decreased drapability of the prepreg, this technology is only suitable for 

simple geometrical structures – mostly flat or with slight curvature. This, inevitably, also leads 

to extra post-assembly steps to produce an integrated structure.  

Autoclave
Injection (RTM, VARI, 

etc.)

Hand lamination

Filament winding

Pultrution

Heat-pressing 

Low-viscous 
matrix

(liquid molding)

High-viscous 
matrix

(prepre technology)

 
Figure 1.8: Overview and categorization of the manufacturing processes for FRPs 
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Figure 1.9: Comparison of LCM and prepreg technology prcess steps 

In comparison, LCM technology is based on the impregnation (hand lamination, injection, 

filament winding, pultrusion and so on) of the dry fibers directly by low-viscous liquid resin 

matrix and curing simultaneously. By adjusting the impregnation strategies and fabrication 

parameters, injection pressure, temperature, compaction and so on, the process can be adjusted 

for highest efficiency and flexibility, making the process more attractive for complex structures 

in serial production. The reduced and simplified process steps could remarkably reduce the 

production cost that makes the process quite favorable in many industrial applications.  

Prepreg technology
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Figure 1.10: Comparison of LCM vs. preppreg methods and potential development trends by the 

material and processing aspects. 

However, as mentioned earlier, liquid epoxy resin systems have mostly small molecule size for 

the good flowability, which inevitably leads to higher shrinkage after the polymerization 

process by creating a large single molecule and tend to be more brittle, compared to their 
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partially cured and even already modified prepreg counterparts. The shrinkage and brittleness 

of liquid epoxy resin systems is a critical issue, which leads to reduced mechanical properties 

in matrix-dominated fiber composite properties – particularly compression, and impact 

properties. In addition, the production introduced residual stress and distortion of the structure 

increases by the FRP structures that are fabricated by LCM processes. As matrix is a critical 

weak point on the whole chain – especially by low-viscous resin for LCM processes, 

developing new high-performance matrix material is a trend of current development, in 

which modification of the matrix by nano-scale additives have shown a promising way 

[16-18]. Figure 1.10 shows a comparison of the processing and properties of LCM vs. prepreg 

methods and potential development trends by the material and processing.  

1.2 Research hypothesis 

1.2.1 Functionalization of FRP with nanoparticles 

In the continual quest to improve material properties to match the ever-increasing demands of 

societal and technological development, new and innovative composite materials with multi-

functionalities and higher performance are sought. A promising way for the improvement of 

properties and for incorporating desired functionalities in FRPs is by the introduction of nano-

scale functional fillers –simply called nanoparticles (NPs) – which possess certain qualities that 

could change or adjust the overall properties of the composite part.  

By introducing effective NPs into the composites, a multi-scale hierarchical composite material 

– synergistic integrated from nano to micro scale components – could be tailored to display 

multi-functionalities. Multi-scale functional FRPs integrate high structural mechanical 

performance with a number of functional properties, including high mechanical performance, 

electrical/thermal conductivity, magnetic properties, frictional and wear performance, self-

health-monitoring and even active response capability to outer conditions, as illustrated and 

listed in the Figure 1.11. The principle mechanism, actual development and potential 

application of the multi-scale functional FRPs are reported in several papers [18-23]. 

Modification of the resin matrix with NPs is especially attractive in LCM processes, 

allowing for a cost-efficient production of high-performance FRPs. The effectiveness of 

NPs is dependent on the chemical (composition, surface modification) and physical (size, 

morphology, stiffness and concentration) characteristics. However, depending on these 

characteristics, NPs may affect the critical impregnation-dominating aspects such as 

matrix cure kinetics, rheology and fiber-preform permeability. Therefore, “gradient 

functionalization” with respect to the application requirements is a smart way to synergistically 

balance the process and performance of the FRP structures, which will be explained in the 

following subchapter. 
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Figure 1.11: Application of multi-scale FRPs that are functionalized with nanoparticles 

1.2.2 Gradient functionalization 

Functional Gradient Materials (FGMs) or Functional Gradient Composites (FGCs) are 

characterized by spatial variation in material properties based on their application requirements. 

The FGMs are advanced materials in the family of engineering composites made of two or 

more constituent phases with continuous and smoothly varying compositions in a certain 

defined direction. FGMs are engineered based on different gradients of composition in the 

preferred material axis orientation according to the application condition. Composite 

materials are based on the concept of “proper material combination for the right 

application” to achieve a new material that’s better than either of the starting materials, 

while FGMs are based on a one-step-further concept for the optimal combination and 

distribution of constituents at the right position in the structure. Due to this characteristic, 

FGMs are superior to and more efficient than homogeneous single or multi-constituent 

materials [24-26]. Some representative examples of the FGMs from nature can be found in 

bone, teeth and bamboo (Figure 1.12). They, after thousands of years of natural evolution, are 

optimized for maximum structural properties with optimized distribution of each component. 

The cross section of a bamboo culm shows a functional graded distribution of the cellulose 

fibers – more fibers near to the outer region, which provides the optimum resistance to bending 

moment from its own weight and wind load [27-30]. Similarly, a tooth requires a high wear 

resistance outside (enamel) and a ductile inner structure for reasons of fatigue and brittleness. 

Furthermore, it requires a translucent outer area and a specific set of color nuances for reasons 

of aesthetics.  
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In technical application, FGMs were first proposed around 1984-85 when Japanese researchers 

studied advanced materials for aerospace applications while working on a space plane project 

[31]. The body of the spaceplane will be exposed to a very high temperature environment (up 

to 2000°C), with a temperature gradient of approximately 1000°C between the outside and 

inside of the spaceplane. There was no uniform material that able to endure such conditions. 

Therefore, the researchers devised a new concept to fabricate a material by gradually changing 

(grading) the material composition (see Figure 1.13), and in this way improve both thermal 

resistance and mechanical properties [32].  

There is a wide application potential for FGMs and it is expected to increase as the cost of 

material and fabrication processes is reduced by improving these aspects. Therefore, the 

functional gradient is relatively further developed in application with metallic or ceramic 

materials [24-26, 33, 34]. 

  

Figure 1.12: Functionally-graded fiber packing in 

bamboo [27, 30] 

Figure 1.13: Functionally-graded ZrO2/NiCoAlY 

thermal barrier coating [32] 

Considering the application requirements on the properties and functionalities of the FRP 

structures, it is obvious that the concept of the “functional gradient” could provide a good 

alternative for enhancing the properties of FRPs with optimized balance between cost, process 

efficiency and properties.  

 

N
P G

radient

Local reinforcement 
with NP

Critical range

 

Figure 1.14: Gradient functionalization of FRP structures with NPs according to stress gradient 

Impregnation with selective NP-modified epoxy matrix systems (different NP types or 

concentrations) enables an optimal gradient-functionalized FRP structure corresponding 

to the stress gradient during application. This improves the performance of FRPs and, at 

Stress gradient
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the same time, guarantees production efficiency by minimizing the negative effects of NPs 

on the impregnation processes. The concept of multi-scale gradient with NPs in FRPs 

regarding the stress gradient is illustrated in the Figure 1.14. Accordingly, the impregnation 

process can be designed with multiple inlet/outlet positions applying matrix systems that are 

modified with selective NPs to harmonize the process with FRP properties and provide the 

optimal gradual reinforcement. 

Considering the main proposed hypothesis, the focus of the work lies in the critical aspects 

regarding the interaction and correlation between materials (NP, epoxy matrix and fiber 

preform), process, and final properties with an emphasis on the functional gradient adjustment, 

with optimized material and process parameters. The concept of “functional-gradient FRPs” is 

a synergistic consideration and balance of the critical aspects in the whole FRP production 

chain – increased material properties, process efficiency and property optimization, with a final 

goal of efficient production of high-performance FRPs at low cost. This new concept has a 

great application potential in the future. The critical aspects regarding this hypothesis will be 

put forward and discussed further in Chapter 2 based on the current state of the field regarding 

the processing of NP-filled matrix systems and their properties. 
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2 State of the research 

In this chapter, the current state of research and development regarding the critical aspects in 

the production of functional FRPs is reviewed. Considering the mutual interactions among the 

materials, process and properties, the literature review is concentrated on the critical material 

and process aspects that dominate the final properties. The goal is to clarify the current research 

status and point out the most scientifically and technologically critical challenges regarding 

material, process and property which are not fully investigated or solved yet.  

2.1  Functionalization of FRPs with nanoparticles 

2.1.1 Why nanoparticles? 

According to the definition in ASTM [35] or ISO [36] standards, NPs are principally defined 

as a sub-classification of ultrafine particle with lengths in two or three dimensions greater than 

1 nanometer and smaller than about 100 nanometers, and which may or may not exhibit a size-

related intensive property. For primarily purpose to identify materials for which special 

provisions might apply, the definition to NP is adopted by the EU-commission and 

recommended as follows [37]:  

»"Nanomaterial" is a natural, incidental or manufactured material containing particles, 

in an unbound state or as an aggregate or as an agglomerate and where, for 50 % or 

more of the particles in the number size distribution, one or more external dimensions 

is in the size range 1 nm - 100 nm. 

In specific cases and where warranted by concerns for the environment, health, safety 

or competitiveness the number size distribution threshold of 50 % may be replaced by 

a threshold between 1 and 50 %. 

By derogation from the above, fullerenes, graphene flakes and single wall carbon 

nanotubes with one or more external dimensions below 1 nm should be considered as 

nanomaterials. «  

Compared to the standard big particles, the NPs show plenty of fundamental changes in the 

physical-chemical properties. As the NPs have very high ratio of specific surface area to 

volume, by application in FRPs, the NPs show an extreme high particle-matrix interphase, by 

which the functionality – effective load transfer, crack pinning etc. – could be maximized with 

minimum amount of particles. This is particularly important for final structure property, and 

also is one of the most important advantages compared to conventional big particles. Especially 

for the LCM fabrication of FRPs where the viscosity of the matrix is a dominating factor, the 

influence of the NPs on the rheological behavior of the resin matrix is rather small [16], 
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compared to the micron particles. Moreover, as the particle-filled matrix will be injected into 

a porous fiber preform by LCM fabrication, the flow and retention behavior of the particles is 

a critical aspect for both processing and properties, therefore NPs are more preferable to micron 

particles for modification of FRPs by LCM processes. 

Various types of NPs are investigated or applied in FRPs, including quasi-spherical (all 

dimensions are similarly in nano size) ceramic NPs, i.e. Al2O3, SiO2, SiC, and TiO2, fibrous 

NPs (diameter is in nano size, but length dimension is in micron size) such as single-/multi-

walled Carbon Nanotubes (CNT), Carbon Nanofibers (CNF) or layered sheet-structural NPs 

(only thickness is in nano size, but width and length dimension is in micron size) including 

graphite, Graphene Nanoplatelets (GNP) and etc. The morphological characteristics and 

properties would lead to different influence for the process parameters and final properties, as 

illustrated and summarized in the following Figure 2.1. 

Quasi-spherical nanoparticles: 
Al2O3, SiO2, SiC etc.

Advantages:
Easier for dispersion;
Lower cost;
Lower adverse effect on processing;
...

Disadvantage:
Low aspect-ratio; 
higher density;
high loading;
...

Fibrous or sheet-structural 
nanoparticles: CNT, GNP etc. 

High aspect-ratio;
Lower density;
Lower percolation concentration ;
...

Difficult to disperse;
Higher adverse effects on processing 
(viscosity and etc.)
...

 
Figure 2.1: Illustration and comparison of quasi-spheric and other NPs 

2.1.2 Multi-scale functional FRPs fabrication strategies 

There are principally three different ways, as illustrated in the Figure 2.2, to introduce NPs into 

the FRPs: 1) modifying the matrix by mixing or in-situ growing the NPs in the matrix for 

impregnation; 2) modifying the fibers by coating/grafting or spraying of the NP on the fiber 

textile; 3) incorporation of the NP intermedium phase in the composites, for example inserting 

CNT paper as an interlayer into the FRPs or applying carrier-medium with NPs etc. Before 

evaluating these different methods, it is necessary to differentiate which kind of particles that 
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are being considered – quasi-spherical, fibrous or sheet-structural NPs. The selection of the 

process steps relies, to a large degree, on the material and fabrication efficiency as well as cost, 

plus process robustness with the NP-filled matrix system.  

The introduction of NPs may significantly influence the matrix flow behavior and permeability 

of the preform due to the increased interaction between the NPs, matrix systems and fibers – 

even in some cases leading to filtration of the particles along the flow length. The filtration 

behavior of the particle-filled suspension in the fibrous textile structure is dictated by both 

particle size and intra-fiber pore size – filament distance. Two main filtration mechanism – 

cake filtration and deep bed filtration – could be distinguished during LCM processing of 

particle-filled suspensions. Cake filtration is manifested by the partly physical volume capture 

due to the larger particle size than the intra-fiber gaps of the textiles – dominated by the physical 

size difference, while deep bed filtration is characterized by the gradual capture of particles 

smaller than the pore channels – dominated by surface interaction, electrostatic attraction etc. 

The ratio between the particle size and pore channels D/d (filter grain/particle diameter) was 

pointed out to be the most critical factor which governs the flow behavior and filtration 

mechanism in a granular porous media [38-40]. 

Multi-scale 
functional 

FRPs

Nanoparticle

Resin

 Nanoparticle/resin 
suspension

Fiber textile

 Incorporation of the nanoparticles Manufacturing processes

Fiber textile Resin

Fiber textile

Nanoparticle 
intermedium phase layer

LCM process

Prepreg process

Others...

 
Figure 2.2: Incorporation methods of NPs to manufacture multi-scale functional FRPs 

In LCM processes by injecting the NP-modified matrix into the fiber preform, fibrous or sheet-

structural carbon NPs – CNT, GNP etc. – could face severe retention which leads to poor 

impregnation of the preform [41, 42], due to the large size in length or width of these particles 

which are critical to the filter grain/particle diameter ratio. In the application in LCM processes, 

cake filtration is manifested by the partly volume capture due to the larger CNT or GNP length 

than the intra-fiber gaps of the textiles. As long as the particles are captured by the intra-fiber 
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gaps, the permeability of the porous medium will greatly decrease, and at the same time, the 

viscosity of the dispersion begins to rise due to the increased concentration of the particles. 

Therefore, the combined filtering and viscous resistance effect remarkably decrease the 

impregnation speed, length and quality. Gojny et al [43] investigated a standard RTM technique 

to produce CNT/glass/epoxy multi-scale composite, and reported that it is a great challenge to 

manufacture a composite by resin with CNT contents of more than 0.5 wt%, due to the 

enormous surface area of CNTs and the resulting increase in dispersion viscosity. So, the 

introduction of these fibrous or sheet-structural NPs are much more preferable by the process 

2 and 3 as shown in the Figure 2.2, or only by modified impregnation strategies which is a 

critical aspect to be investigated in this thesis. For some further information on the process 2 

and 3, the readers are redirected to the following papers [22, 44-48]. 

In comparison, quasi-spherical NPs are much easier to be dispersed in matrix, and also could 

be much easier processed by impregnation processes – due to the much lower D/d ratio. 

Therefore, they are much more preferably processed by the method 1. Among the different 

quasi-spherical ceramic NPs, silica (SiO2) NP is until now mostly investigated for application 

in FRPs [17, 49]. There are also some works that studied alumina (Al2O3) NP as functional 

fillers in epoxy [50, 51]. These works on the silica and alumina NPs are mostly concentrated 

on investigating the influence of the NPs on the final properties, but comparatively very little 

consideration on the processing aspects – especially particle flow and retention behavior. As a 

quasi-spherical ceramic NP, boehmite is an aluminum hydroxide (AlOOH), which is often used 

as a precursor for many aluminum products. Boehmite particle is price-efficient and the 

hydroxyl groups on the surface could be directly used as functional groups, or easily be 

modified to different functional groups (amine, acetic acid, lactic acid etc.) to generate a good 

chemical stability and improved particle-matrix adhesion by possible covalent connection. 

According to earlier studies, boehmite NPs are shown to be quite efficient for enhancing the 

mechanical properties of FRPs [52-54]. 

Even though these advantages, there are hardly any works found that investigate and describe 

the critical processing aspects and the influence on the FRP properties by application of 

boehmite NPs. Therefore, in this thesis boehmite is selected to be the basic reference NP 

to modify the properties of FRPs by LCM process. At the same time, commercial silica 

and CNT particles are also selectively investigated to compare some of the critical aspects 

by the production and final properties of the functional gradient FRPs. 

Considering these aspects, the literature review focuses on the most critical aspects on 

processing of NP-epoxy suspension and fabrication of multi-scale functional FRPs by LCM 

process. 
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2.2 Materials 

2.2.1 Nanoparticle-epoxy matrix 

2.2.1.1 Cure kinetics  

The curing of epoxy is a complex chemical reaction that begins mostly from a liquid state with 

small monomers to a semi- or solid state, where the small molecules build up a complex 3D 

network structure. The curing reaction is coupled by both chemical and thermal effects: the 

reaction is strongly dependent on cure temperature but at the same time, it also generates 

exothermic thermal energy. Therefore, the identification of the cure kinetics needs synergistic 

consideration of the chemical and thermal effects.  

Most studies by far are concentrated on cure kinetics and rheological characterization and 

modeling of pure epoxy resin systems [55-59]. With the addition of NPs, the curing process 

gets more complex due to the possible accelerating or inhibiting effects directly on the curing 

and rheological behavior. The influence of NPs could be quite complex since both chemical as 

well as physical effects are involved. According to the earlier studies, both inhibiting and 

acceleration effects of NPs on the kinetics have been reported. NPs without surface treatment 

or with hydrophobic surface characteristics – as for the case in mostly investigated silica 

particles [60, 61] – are reported to be inert to the epoxy reaction with no significant change on 

the activation energy and the reaction profile [51, 61]. In comparison, NPs with special surface 

modification or hydrophilic surface characteristics showed mostly an accelerating effect on the 

reaction kinetics of the original epoxy resin, which is typically the case for alumina NPs [62, 

63] or fumed silica [64]. For example, the hydroxyl groups (-OH) can spend hydrogen atoms 

which are essential for the opening of oxirane rings of the resin or epoxy.  

It is to be mentioned that these studies are mostly concentrating on the preliminary 

investigations on the influence of the silica or alumina NPs on the cure kinetics with very low 

NP concentrations. There are hardly any reported studies directly relating the modeling of cure 

kinetics and rheology of these NPs or the reference boehmite NP system with high 

concentrations – up to 15 wt% as target in this thesis, for the application in LCM processes to 

fabricate FRP structures. Of course, with the special surface characteristics and higher 

concentrations of the boehmite NPs concentrations, the interactions could be much more 

complex with a remarkable influence on the process and final properties.  

Differential Scanning Calorimetry (DSC) is a widely used method for analyzing the curing 

process. However, quite different DSC approaches are available for obtaining this kinetic 

information, based on the material reaction mechanism, curing speed and curing process. By 

the curing characterization of the epoxy with DSC, the degree of cure at each point of time 
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(α(t)) is determined from the heat released up to that time (ΔH(t)), the heat released during 

heat-up and equilibration (Hinit) and the total heat released during the reaction (Htotal): 

Considering that, the heat released during heat-up and equilibration (Hinit) is normally hard to 

detect, therefore, the degree of cure is normally determined by the rest enthalpy (Hrest) 

Generally, the kinetic models could be categorized into either phenomenological models or 

mechanistic models. Mechanistic models are obtained from the balances of reactive species 

involved in the reaction, which makes it also hard to develop and derive sometimes due to the 

complexity of cure reactions. In comparison, phenomenological models are simple rate 

equations without considering the complex details of reactive species and their reaction. 

Therefore, phenomenological models are much simpler to develop and mostly could also 

accurately describe and predict the kinetic behavior, which is why it is more preferable in the 

practice. The difference between these two methodologies are discussed and overviewed 

elsewhere [65]. Considering this, in this work only phenomenological models are taken into 

consideration for the modeling. 

The reaction rate of a single step process is normally described by a rate function K(T) which 

is dependent on the temperature (T) and a conversion function f(𝛼) as following: 

This function is principally applicable for both isothermal and non-isothermal curing analysis. 

If a constant heating rate DSC analysis is considered, the above function could be also 

rearranged as follows: 

It needs to be pointed out that Eq. 2.3 and Eq. 2.4 only describe the cure rate of a single-step 

reaction process. For a multi-step process that includes several parallel reactions, the rate 

function has a complex form. For example, the overall process rate that involves two parallel 

reactions could be described as follow [66]: 

The temperature dependent reaction rate function K(T) can be expressed by an Arrhenius 

relationship: 

𝛼(𝑡) =
𝐻𝑖𝑛𝑖𝑡 + 𝛥𝐻(𝑡)

𝐻𝑡𝑜𝑡𝑎𝑙
 where 

α(t): degree of cure time t 

ΔH(t):  released heat 

Hinit: heat released during 

heat-up and equilibration  

Htotal: total heat released 

during the reaction  

Eq. 2.1 

𝛼(𝑡) = 1 −
𝐻𝑟𝑒𝑠𝑡

𝐻𝑡𝑜𝑡𝑎𝑙
 where Hrest= Htotal- (Hinit+ ΔH(t)) Eq. 2.2 

𝑑𝛼

𝑑𝑡
= 𝐾(𝑇)𝑓(𝛼) where 

𝛼: cure 

K(T): rate function  

f(𝛼): conversion function 

Eq. 2.3 

𝛽
𝑑𝛼

𝑑𝑇
= 𝐾(𝑇)𝑓(𝛼) where β: heating rate Eq. 2.4 

𝑑𝛼

𝑑𝑡
= 𝐾1(𝑇)𝑓(𝛼1) + 𝐾2(𝑇)𝑓(𝛼2) where conversion α= α1+ α2 Eq. 2.5 
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So, based on the rate function, the development of the model is to determine the sets of reaction 

triplet – A: pre-exponential factor which is the frequency of vibrations of the activated complex 

[66], E: activation energy for the reaction and f(α): conversion (reaction mechanism) function. 

The conversion function f(α), however, could vary quite differently depending on the reaction 

mechanism. Although there are significant numbers of reaction models, they can be principally 

categorized into two major types: nth order (accelerating or decelerating) and autocatalytic. 

Normally, the reaction mechanism could be differentiated by the characteristic kinetic curves 

of the three reaction models, which will be explained in more detail in 3.1.2. 

2.2.1.1.1 Dynamic vs. Isothermal DSC analysis 

The kinetic model parameters could be estimated by means of both dynamic and isothermal 

curing DSC experiments. The selection of dynamic or isothermal modeling is firstly dependent 

on the interested curing process in the practice. For the modeling, it is possible to develop 

kinetic parameters both by dynamic and isothermal DSC measurements. In theory, a dynamic 

DSC trace should contain all the kinetic information normally embodied in a series of 

isothermal experiments [67], which makes the kinetic analysis of non-isothermal DSC more 

attractive. Moreover, it is also much easier to detect the reaction complexity by dynamic DSC 

analysis where multiple reaction peaks are easier to be detected and observed.  

However, a practical issue in dynamic DSC experiments is that it is more difficult to identify 

the reaction mechanism –nth order, autocatalytic or even diffusion-dominated reaction – as both 

time and temperature changes. Without knowing the reaction mechanism, it is hard to select a 

proper reaction model that is critical to fully describe the curing process. The adequateness of 

a rational rate equation to describe the process mechanism exceeds far beyond the 

goodness/quality/accuracy of numerical evaluation: an excellent data fit for a reaction could be 

achieved with various kinds of mathematical functions, but it does not necessarily fully 

describe the real reaction mechanism [57]. Therefore, for the investigation of a new reaction 

where the reaction mechanism and order are not known, the isothermal method is to be 

suggested, which enables to detect the reaction mechanism quite simply. Although the 

isothermal experiments may be more time consuming, they often generate more reliable kinetic 

parameters.  

Moreover, by dynamic DSC process, it is not possible to determine and account for the 

diffusion-controlled reaction, which is often the case in the isothermal curing (will be discussed 

in the next section). At the same time, it needs to be pointed out that it doesn’t exist a “strict” 

𝐾𝑖(𝑇) = 𝐴𝑖𝑒
(−

𝐸𝑖
𝑅𝑇

)      where 

i = 1, 2… 

A: pre-exponential factor 

E: activation energy 

R: ideal gas constant 

T: absolute temperature 

Eq. 2.6 
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isothermal curing, due to the practical issue of heating up and calibrating the DSC for the 

desired isothermal temperature which in the practice takes several minutes. Nevertheless, this 

issue is only critical by fast curing systems where most of the reactions might be finished 

directly during the calibration phase. This issue is studied by Javdanitehran et al. [68] who 

proposed an iterative method to compensate the lost initial enthalpy. By normal or slow reactive 

systems like investigated in this thesis, the lost information during the heating up is rather small 

– there is still enough kinetic information available for accurately developing the model data.  

For an unknown material system, a combination of both dynamic and isothermal experiments 

is the best way to evaluate the different methods and establish kinetic models, considering the 

curing speed, reaction complexity and reaction temperature. A truly good model should be able 

to simultaneously describe both types of runs with the same kinetic parameters. In this thesis, 

the curing behavior is investigated by both dynamic and isothermal curing processes; the 

model development is based on the isothermal process and cross validated by predicting 

the dynamic curing behavior of the material.   

2.2.1.1.2 Reaction mechanism and model evaluation 

Although there are significant numbers of reaction models, they can be principally categorized 

into two major types: nth order (accelerating or decelerating) and autocatalytic. The first 

crucial step for the cure kinetics modeling is to find out how the reaction proceeds. These two 

reaction mechanisms could be differentiated by the time where the maximum rate of heat 

evolution is reached: materials obeying nth order kinetics will have the maximum rate of heat 

evolution at time zero (decelerating), while an auto-catalyzed material will have its maximum 

heat evolution at 30-40% of the reaction time [69, 70]. Nevertheless, various models are 

reported and available, depending on the complexity of the reaction, as shown in the following 

Table 2.1. 

Table 2.1: Mostly used reaction kinetic models 

Description   Formula Parameters 

Accelerating (nth order) 𝑑𝛼

𝑑𝑡
= 𝐾 𝑛 𝛼(𝑛−1)/𝑛 

K: rate function 

n: reaction order 

Decelerating (nth order) 𝑑𝛼

𝑑𝑡
= 𝐾(1 − 𝛼)𝑛 

K: rate function 

n: reaction order 

Autocatalytic reaction 𝑑𝛼

𝑑𝑡
= 𝐾𝛼𝑚(1 − 𝛼)𝑛 m, n: reaction order 

Kamal-Sourour model (nth order + 

autocatalytic) 

𝑑𝛼

𝑑𝑡
= (𝐾1 + 𝐾2𝛼𝑚)(1 − 𝛼)𝑛 K1, K2: rate function 

Karkanas-Partridge model (nth order 

+ autocatalytic) 

𝑑𝛼

𝑑𝑡
= 𝐾1(1 − 𝛼)𝑛1 + 𝐾2𝛼𝑚(1 − 𝛼)𝑛2 m, n1, n2: reaction order 

In addition, during the isothermal curing, the curing reaction initially begins in a liquid phase, 

where bimolecular combination is the dominant mechanism of curing termination. As the 

curing goes on and Tg exceeds the curing temperature (Tc), the reaction rate will be reduced by 
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orders of magnitude as the “vitrification” effect due to the glass transition exerts a dramatic 

restriction on bimolecular reactions. The “vitrification” effect strongly reduces propagation 

probability of the free reactive groups and changes the reaction mechanism as diffusion 

controlled.  

Table 2.2: Mostly applied model factors for diffusion-controlled reaction 

Description Formula Parameters 

Fournier et al. 

[71] 
𝑓𝑑(𝛼) =

2

1 + 𝑒𝑥𝑝((𝛼 − 𝛼𝑐) /𝐶)
− 1 

αc: critical cure degree 

C: fit parameter 

Cole et al. [72] 
𝑓𝑑(𝛼) =

1

1 + 𝑒𝑥𝑝(𝐶(𝛼 − 𝛼𝑐))
 

αc: critical cure degree 

C: fit parameter 

Rabinowitch et 

al. [73] 
𝑘𝑖 =

1

1
𝑘𝑑

+
1

𝑘𝑐,𝑖

 

𝑘𝑑 = 𝐴𝑑𝑒𝑥𝑝 (−
𝐸𝑑

𝑅𝑇
)𝑒𝑥𝑝 (−

𝑏

0.00048 ⋅ (𝑇 − 𝑇𝑔) + 0.025
) 

Ed: diffusion-controlled pre-

exponential factor 

Ed: diffusion-controlled 

activation energy 

b: fit parameter 

The above described nth order or autocatalytic models can just represent the normal chemical 

reaction without diffusion domination, therefore it needs to be further modified for fully 

describing the isothermal curing behavior. The mostly applied diffusion controlled reaction 

models were put forwarded by Fournier [71], Cole [72] and Rabinowitch [73] et al., as listed 

in the Table 2.2.  

2.2.1.2 Rheology  

Parallel to the cure kinetics, viscosity is a critical material parameter as it directly dominates 

the flow behavior and the process boundary conditions – process window and efficiency for 

fabrication of FRPs. For example, in LCM manufacturing of FRPs, there is a strict criterion on 

viscosity limit, normally 1 Pa·s even in some cases just 0.5 Pa·s where low permeable fiber 

preform is to be impregnated, of the applicable epoxy matrix. When the viscosity is higher than 

this value, it cannot effectively impregnate the fiber beds that have rather small porous channels, 

especially at high fiber volume fraction for high-performance applications. At the same time, 

higher viscosity also increases the potential failure due to the decreased impregnation 

capabilities of the resin. 

The development of the viscosity is dominated by the cure kinetics – the increased molecular 

size due to the curing. Besides, it is also affected by pressure, temperature, time, shear rate and 

fillers. Extensive works are conducted on this topic and different models were developed: from 

simple empirical models, Arrhenius models to detailed models based on free volume analyses. 

The effects of these parameters and models are extensively discussed and overviewed in paper 

[74]. In this thesis, the pressure and shear rate are approximated to be constant, therefore the 

viscosity can be considered only as a function of temperature (T), cure (α) and NP content (C).   
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Generally, the dependence of viscosity on temperature for uncured resin system is mostly 

described by William–Landel–Ferry (WLF) equation, derived from the free volume theory [75]. 

For the change of viscosity due to cure (time and temperature), a modified WLF model [55, 

76], Castro-Macosko model [77] or a combined model of the both [55, 78] were studied in 

several papers.  

Table 2.3: mostly used rheological models 

Description Formula Parameters 

WLF 
𝜂 = 𝜂𝑔𝑒𝑥𝑝 [−

𝐶1(𝑇 − 𝑇𝑔0)

𝐶2 + 𝑇 − 𝑇𝑔0
] 

ηg: the viscosity at the glass 

transition 

Tg0: glass-transition 

temperature of the uncured 

system 

C1, C2: fit parameters 

Modified WLF 
𝑙𝑛

𝜂

𝜂𝑔
= −

𝐶1(𝑇)(𝑇 − 𝑇𝑔(𝑇, 𝑡))

𝐶2(𝑇) + 𝑇 − 𝑇𝑔(𝑇, 𝑡)
 

C1(T), C2(T): temperature 

dependent parameters 

Castro-Macosko model 
𝜂 = 𝜂∞𝑒𝑥𝑝 (

𝐸𝜂

𝑅𝑇
)(

𝛼𝑔𝑒𝑙

𝛼𝑔𝑒𝑙 − 𝛼
)(𝐴+𝐵𝛼) 

Eη: activation energy for 

flow 

𝜂∞: viscosity at T∞ 

αgel: cure degree at gelation 

A, B: fit parameters 

Combined WLF+Castro-

Macosko model 𝜂 = 𝜂𝑔𝑒𝑥𝑝 [
𝐶1(𝑇 − 𝑇𝑔0)

𝐶2 + 𝑇 − 𝑇𝑔0
](

𝛼𝑔𝑒𝑙

𝛼𝑔𝑒𝑙 − 𝛼
)𝑛 n: fit parameter 

2.2.2 Fiber preform 

2.2.2.1 Filament distance and preform porosity 

The filament distance or porosity in the preform is one of the dominating factors that determine 

the preform permeability and matrix flow behavior in LCM processes, especially considering 

the particle-filled suspension. As mentioned earlier, the flow behavior of the particle-filled 

suspension in the fibrous textile structure is dictated by both particle size and intra-fiber pore 

size – filament distance. The ratio between the particle size and pore channel is the most critical 

factor which governs the flow behavior and filtration mechanism [38, 39].  

If a standard textile microstructure is considered, two different basic elements at different 

scales could be differentiated: rovings and filaments. Correspondingly, there are two different 

scales of pores: macro-scale pores between the rovings and micro-scale pores between the 

filaments. Both the macro and micro-scale pores are stochastic variables that are strongly 

dependent on the roving size, textile architecture, surface weight, as well as compaction and 

draping conditions, as shown in the Figure 2.3 and Figure 2.4.  

𝜂 = 𝜂(𝑇, 𝛼, 𝐶) where 

T: temperature 

α: cure 

C: filler content 

Eq. 2.7 
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Figure 2.3: Textile structures Figure 2.4: Macro-/micro-scale pores in textiles 

The challenges in characterizing the porosity lies on one hand on the scale-crossed distribution 

characteristic of the macro and micro pores, as shown in the Figure 2.4, on the other hand on 

the stochastic distribution characteristic of both pore geometries. The scale-crossed distribution 

characteristic of the pore size makes it difficult to be fully characterized by standard picture 

analysis methods – due to the inevitable restriction in resolution capability. Secondly, the 

stochastic distribution characteristic of both macro and micro pores makes it quite challenging 

to be fully described, which demands advanced statistical and mathematical models and 

methods. For quantifying and modeling the textile or pore geometry, micro-computed 

tomography (Micro-CT) [79, 80] or optical microscopy [81, 82] are mostly applied, combined 

with different mathematical statistical models. Even if they showed satisfying results 

considering the macroscopic tow and spacing – macro pores, however, the micro pores between 

the filaments were mostly simplified to be homogenous or directly neglected due to resolution 

limit, experimental or calculation cost and time. However, the micro pores, in comparison, 

are presumably much more critical to the particle flow behavior, as they are much 

smaller and mostly critical for the filtration of the NPs. 

There are also other studies that focused on the characterization of filament distribution [83-

85], but concentrating on the mathematical modeling of the stochastic distributed filaments, 

not really the filament distance – pore size. Most recently, there are also some studies are 

reported to characterize the apparent dual-scale porosity by industrial porometry [86, 87]. 

Therefore, this work focuses on the systematically characterizing of the both macro and 

micro pores – distance between rovings and filaments – by an improved picture analysis 

and computation method, which will be described in the chapter 3. 

2.2.2.2 Permeability 

Permeability is a critical property of fiber-textile or preform, which determines the flow speed 

and amount of a fluid in a porous media. The first attempt for explaining the fluid behavior in 

a porous medium was done by Darcy in 1856, by experimental investigation of water flow 

velocity through a vertical column of sand with known pressure gradient. Based on his 
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observation, he derived and put forward an empirical formula to describe the flow of fluids 

through porous media, which is known as Darcy’s law [88, 89]: 

The applicability of Darcy equation is based on following assumptions:  

· Fully saturated flow on a homogenous porous medium;  

· The fluid used in the experiment is Newtonian (viscosity independent on the shear rate). 

· The flow should be a laminar flow with Reynolds’s number: 0 <Re < 10 

The applicability of Darcy’s law to describe the flow in multi-scale porous media has been 

subject to discussions as it is based on simplification of the dual-scale characteristic of the 

textile porous structure as homogenous, however, it has been widely accepted as a suitable, yet 

simple method. 

For a single-phase, incompressible flow with full saturation on a stable porous medium without 

absence of source/sink term, the mass conversation equation for a representative volume 

element during flow can be described by the well-known continuity equation, as follows:  

By combining the continuity equation with the Darcy equation as in Eq. 2.8, the equation for 

the governing function for pressure gradient is as follows 

It needs to be kept in mind that, the Eq. 2.10 is a simplified description of single-phase 

flow behavior in a porous media with the assumption of full saturation. Therefore, K is 

considered a saturated permeability. Based on the saturation behavior of the fluid based on 

the dual-scale multi-phase flow characteristics based on the fiber preform pore size distribution 

and interaction between the liquid and gas phases, it is possible to differentiate the saturation 

dependent un-saturated permeability from the saturated permeability with a relative 

permeability factor [90, 91] Kr(S) 𝝐 [𝟎, 𝟏] , where Kunsat = Ksat * Kr(S). Further details 

regarding the influence of dual-scale and multi-phase flow on the permeability and flow 

simulation will be further discussed later in the 3.3.2: Flow simulation. 

2.2.2.2.1 Analytical solution: 1D linear flow 

By the simplified governing equation for pressure gradient as showed in Eq. 2.10, it is possible 

to solve the flow velocity or flow front dependency on the pressure by analytically. For 1D 

linear flow studies, the Eq. 2.10 can be written as following: 

𝑈 = 𝑣𝜀 = − (
𝐾

𝜂
) 𝛻𝑃 where 

U: darcy velocity 

v: apparent velocity 

𝜀: preform's porosity 

K: permeability tensor 

η: dynamic viscosity 

∇P: pressure gradient 

Eq. 2.8 

𝛻 ∙ 𝑈 = 0   Eq. 2.9 

𝛻 ∙ (−
𝐾

𝜂
𝛻𝑃) = 0   Eq. 2.10 
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For a constant textile permeability and fluid viscosity, 

Which results in a Laplace’s equation 

By integrating the Laplace’e equation twice, it can be derived that the pressure is a linear 

function of flow length 

Therefore, 

So the Darcy equation in Eq. 2.8 can be rewritten as 

By linear flow studies, for a constant porosity material with constant injection pressure, the 

pressure gradient could be seen as linear decay between the inlet and flow front, so the Eq. 2.16 

can be re-written as in differential from: 

Or in the integral form 

By the differential and integral form of the Darcy law, two different permeability: local 

permeability as in Eq. 2.17 and global permeability as in Eq. 2.18 can be differentiated. Among 

them, local permeability is more sensitive for local fluctuations in flow front and dependent on 

the time gap Δt by which the velocity is measured. In comparison, global permeability is based 

on integral evaluation of the whole flow process. Besides, a concurrent permeability 

measurement procedure (CPMP) was put forward: Ferland et al. [92] applied an interpolation 

method that based on a least-square fitting of experimental flow front and pressure data to 

estimate a permeability that is self-corrected to Darcy law. A similar improved method that is 

based on interpolation, Squared Flow Front method (SFF method), is mentioned more recently 

in second international benchmarking for permeability measurement [93], as follows: 

𝜕

𝜕𝑥
(−

𝐾

𝜂

𝜕𝑃

𝜕𝑥
) = 0   Eq. 2.11 

−
𝐾

𝜂
(

𝜕𝑃2

𝜕𝑥2
) = 0   Eq. 2.12 

𝜕𝑃2

𝜕𝑥2
= 0   Eq. 2.13 

𝑃(𝑥) = 𝑎𝑥 + 𝑏   Eq. 2.14 

𝑝(𝑥) = 𝑝0 −
𝑝0 − 𝑝𝑓

𝑥𝑓
𝑥 where 

p0: inlet injection pressure 

pf: flow-front pressure 

xf: flow front 

Eq. 2.15 

𝑣 = −
𝐾

𝜂𝜀

𝑝𝑓 − 𝑝0

𝑥𝑓
   Eq. 2.16 

𝑲𝒍𝒐𝒄𝒂𝒍 =
𝑣𝜂𝜀𝑥𝑓

∆𝑝
 where 

Δp=𝑝0 − 𝑝𝑓: pressure 

difference between inlet 

and flow front 

Eq. 2.17 

𝑲𝒈𝒍𝒐𝒃𝒂𝒍 =
𝜂𝜀𝑥𝑓

2

2𝑡𝑓∆𝑝
 where tf: flow front time Eq. 2.18 

𝑲𝑺𝑭𝑭 =
𝑚 ∙ 𝜂 ∙ 𝜀

2∆𝑝
 where 

m: least-square-fit slope of 

data set (xf
2, t) 

Eq. 2.19 
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The methods that are based on least-square fit of experimental data are more favorably applied 

for permeability calculation as they are based on statistical approximation by excluding the 

experimental uncertainty of the local flow front development and provide the permeability data 

with the lowest errors. 

2.2.2.2.2 Analytical solution: 2D radial flow  

For a 2D radial flow case in quasi-isotropic material, the Eq. 2.10 can be written as: 

The isotropic permeability is calculated by solving the Laplace equation in polar coordinates, 

as following [94, 95]: 

Similar to the SFF method as in Eq. 2.19 for 1D linear flow case, the isotropic permeability for 

2D radial flow can be calculated in the improved form by least-square-fit slope of flow front 

development as follows: 

For an anisotropic material, where the flow front shows an elliptical form, the physical domain 

should be firstly transferred to an equivalent quasi-isotropic system [95, 96], therefore, the 

same equation as in the Eq. 2.21 applies for the equivalent radius in the quasi-isotropic system, 

as follows: 

The permeability in the main axis of the ellipse could be then further calculated by: 

For more information regarding the evaluation algorithm of 2D permeability, the readers are 

redirected to the following benchmarking study as a joint investigation between two institutes 

with the participation of the author [97]. The same concept of equivalent quasi-isotropic system 

also applies for 3D ellipsoid flow studies and permeability calculation of the main permeability 

components [98]. 

2.2.2.2.3 Experimental determination of permeability 

While studies were conducted for predicting the permeability analytically or by simulation, as 

by Kozeny-Carman [99, 100] or Gebart [101] models, the practical application of these 

𝑈 = 𝑣𝜀 = − (
𝐾

𝜂
)

𝜕𝑝

𝜕𝑟
 where r: flow radius √𝑥2 + 𝑦2 Eq. 2.20 

𝐾 = {𝑟𝑓
2[2𝑙𝑛(𝑟𝑓/𝑟0) − 1] + 𝑟0

2}
1

𝑡
 

𝜀𝜂

4∆𝑝
 where 

rf: flow front radius 

r0: injection radius 
Eq. 2.21 

𝐾 = 𝐹𝑖𝑠𝑜  
𝜀𝜂

4∆𝑝
 where 

Fiso: least-square-fit slope 

of data set ({𝑟𝑓
2[2𝑙𝑛(𝑟𝑓/

𝑟0) − 1] + 𝑟0
2}, t) 

Eq. 2.22 

𝐾𝑒 = {�̅�𝑓
2[2𝑙𝑛(�̅�𝑓/�̅�0) − 1] + �̅�0

2}
1

𝑡
 

𝜀𝜂

4∆𝑝
 where 

�̅�: equivalent radius√𝑎𝑏 

a: ellipse semi-major axis  

b: ellipse semi-minor axis  

Eq. 2.23 

𝐾𝑎 = √
1

𝛼
 𝐾𝑒,  𝐾𝑏 = √𝛼 𝐾𝑒 where 

𝛼 =
𝑏2

𝑎2 =
𝐾𝑏

𝐾𝑎
: anisotropy 

factor 
Eq. 2.24 
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methods is still being challenged due to lack of robustness and general applicability. Due to the 

complexity in the textile porous structure depending on the textile type and compaction 

behavior, which can significantly influence the permeability and flow behavior. Currently, the 

most reliable and widest used method for permeability characterization is the conduction of 

experiments. Experimental permeability measurement methods can be principally categorized 

into unsaturated (transient) and saturated (stationary) permeability methods for all 1D, 2D and 

3D flow studies, as illustrated in the following Figure 2.5. The permeability measurements 

could be carried out with different boundary conditions – constant injection pressure or 

volume/mass flow. Different methods could be applied for the flow-front tracking by 

unsaturated or for volume/mass flow measurement by saturated permeability measurements, 

as follows [102]: 

· Unsaturated (transient) method by flow-front tracking with optical, pressure, capacitive, 

dielectric, ultrasonic etc. sensors. 

· Saturated (stationary) method by volume flow measurement: gravimetric. 

By 1D linear-flow experiments, the fluid propagates through the reinforcing fabric in one 

dimension, therefore, to characterize the full in-plane permeability tensor of the reinforcing 

material, at least three experiments (0°, 45° and 90°) are required. Moreover, linear flow 

experiments are also sensitive to experimental errors such as race tracking and so on, which 

demands proper sealing of the textile’s edges to guarantee a good one-dimensional flow. By 

contrast, the radial-flow experiment is based on injecting the test fluid through a central 

injection point, resulting in an elliptical shape of the flow front when the fluid propagates 

through the reinforcing material. Therefore, radial-flow experiments allow, theoretically, for 

measuring the in-plane permeability tensor with a single experiment without extra effort for 

sealing and less errors. 

Generally, under a stable flow condition – incompressible flow on a stable porous medium with 

constant porosity – the permeability is a constant value, independent of the measurement 

condition and parameters. However, in the practical measurements, due to the simplification 

of the dual-scale porosity of fiber-textile to be a homogenous porous material, the 

apparent flow front observed in the experimental condition could deviate from the real 

flow front – depending on the macro/micro-flow dominated flow mechanism or multi-

phase saturation behavior, as illustrated in the Figure 2.6. Besides, depending on the test fluid 

and surface interactions between the fiber and fluids, the capillary effect, fiber swelling (mostly 

by natural fibers), or even particle filtration – which is the case on this work – could all lead to 

a deviation or change of the permeability along the flow length. Therefore, in this thesis, the 

interactions and influence of the different test fluids, especially the particle-filled matrix, on 

the permeability of the preform will be investigated as a critical aspect. 
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Figure 2.5: Illustration of the flow front propogation and permeability measurements in 1D-3D senarios 
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Figure 2.6: Macro-flow (left) or micro-flow (right) dominated impregnation 
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2.3 Process simulation 

2.3.1 Flow simulation 

Flow simulation is rather important in LCM processes, considering the high possibility of the 

potential impregnation failures – dry spots, air bubbles inclusion, which are quite critical for 

the product qualities but often happens due to the closed nature of the mold where the 

filling/impregnation state is hard to be observed or controlled manually.  

The impregnation process of the dry fibers with fluid is a multiphase flow through porous 

media. Wish respect to a fluid flow by a finite control volume (FVC) in a fiber-porous media, 

as illustrated in the following Figure 2.7, there are normally three phases including solid/fiber, 

liquid/resin and gas/air, in respective volume fraction of Vs, Vl and Vg, such that 

With corresponding liquid and gas saturation term being, 

Therein, S describes the saturation of the liquid or gas phase in the porosity (1-Vs), and varies 

from 0 to 1. The saturation value 0 for the liquid phase means the dry state (filled with air), and 

the value 1 means the fully saturated state of the porous media. 

Finite Control Volume (FCV) 
with porosity ɛ  

Gas/air 
phase

Liquid/resin 
phase Flow/

saturation 
front

Solid/fiber 
phase

Flow in Flow 
out

FCV boundary ∂Ω 
 

Figure 2.7: Illustration of a fluid flow in FCV by a porous media 

Vs + Vl + Vg = 1   Eq. 2.25 

Sl =Vl/(1-Vs) 

Sg=Vg/(1-Vs) 
  Eq. 2.26 
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Therefore, the mass balance for each phase – liquid or gas – can be derived as following [103-

105]: 

The timely change in the total mass of a liquid/gas phase inside the FCV is contributed by the 

total mass flux across the FCV boundary (directed inwards) plus the interior source/sink term. 

The equation can be transformed to a differential form – which is also known as the Richard’s 

equation – as follows [106]: 

The saturation term S(p) describes the relationship between the saturation and pressure, and is 

also known as capillary model. Mostly used saturation/capillary models are proposed by van 

Genuchten [107] or Corey-Brooks [108] for simulation of ground water variably saturated flow. 

Recently, Klunker et al. [109-111] put forward an apparent saturation function for simulating 

the multi-phase flow in the impregnation process of FRPs and showed promising results with 

accelerated calculation speed.  

In parallel, there are also studies that considered a two-phase flow – resin and air – by a two-

phase Darcy law for the impregnation simulation to predict the flow front development and 

formation, transport and compression of voids in the LCM processes [90, 112, 113]. By these 

models, the determination of the relationship of the saturation-pressure behavior is critical 

aspect that are not easy to be directly determined by experiments, as illustrated in the following 

Figure 2.8 and Figure 2.9. 

𝜕

𝜕𝑡
∫ 𝜌𝑆𝜀 𝑑𝛺 = − ∮ 𝜌𝑈𝑛𝛺 𝑑𝜕𝛺

𝜕𝛺

+
𝛺

∫ 𝐹𝑑𝛺
𝛺

 where 

ρ: liquid/gas density 

S: liquid/gas saturation 

term 

𝜀: porosity 

F: liquid/gas source/sink 

term 

U: liquid/gas velocity 

vectorΩ 

Ω: volume of the FCV 

δΩ: boundary of the FCV 

nΩ: unit normal vector to 

δΩ directed outwards 

Eq. 2.27 

𝜕(𝜌𝑆𝜀)

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑈) = 𝐹 where 

ρ: fluid/air density 

S: fluid/air saturation term 

ϕ: porosity 

F: fluid/air source/sink 

term 

U: darcy velocity  

Eq. 2.28 
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Figure 2.8: Illustration of pressure profile regarding 

the particially saturated multi-phase flow 

Figure 2.9: Saturation profile depending on the 

impregnation behavior 

By a homogenized model by simplification, the source/sink term in the Eq. 2.28 is zero as there 

is no extra production or loss of the fluid. However, if the macro and micro flow is to be 

differentiated with the consideration of void formation, the flow domain needs to be separated 

to describe the macro flow between the rovings and the micro flow within the rovings. 

Correspondingly, the permeability should be further differentiated for the macro and micro 

flows, and the boundary conditions are not necessarily zero regarding the fluid interactions 

between the two domains [91, 114].  
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Figure 2.10: Moving pressure boundary condition depending on the development of flow front 

For a single-phase, incompressible flow with full saturation on a stable porous medium without 

absence of source/sink term, the mass conversation equation in Eq. 2.28 can be further 

simplified to the well-known continuity equation, as shown in Eq. 2.9. Therefore, the flow 

process by normal RTM processes with standard resin systems without particles, is mostly 

described by the simplified equation as shown in Eq. 2.10. However, because the Eq. 2.10 

does not include a transient term, a practical issue by the mold filling simulation is the 

numerical treatment of flow front boundary condition. As the pressure gradient changes 

with the development of flow front position – where the fluid is displacing the air – 
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therefore, the simulation for an un-saturated resin flow needs special moving boundary, 

transport equation or level-set/phase-field interface methods to obtain a transient 

solution by successively solving the Eq. 2.10 until the molding filling is complete. Therefore, 

this equation could be solved numerically by Volume of Fluid (VOF), Finite Element/Control 

Volumes [115] (FE/CV) techniques or analytically [109, 110]. The techniques and aspects are 

reviewed in the following review papers [91, 116].  

The flow simulation of the particle-filled fluid system is comparably much more critical as the 

particles may influence the flow behavior of the fluid system, considering the interactions 

among the particle, fluid and fiber, which could lead to filtration of the particles during the 

flow. By the injection of particle-filled matrix systems, if the particles could deposit on 

the fiber-textile during the flow, it could lead to, on one hand, change of fluid density, 

cure kinetics and viscosity, and on the other hand textile porosity and permeability. 

There are only limited numbers of works that directly investigate the flow and retention 

behavior of the particle-filled fluid systems in fiber preform for FRPs manufacturing. Some 

representative works were done in earlier times from Erdal et al. [117] in which conservation 

equation and filtration kinetic models for flow of particle-filled systems in porous matrix are 

proposed. Later, Lefevre at al. [118, 119] put forward improved models coupling the flow and 

filtration model to simulate the flow behavior. Later Reia da Costa et al. [120] and Haji et al. 

[121] also worked on to develop and improve the models. Even if these works could show 

acceptable results for simplified systems or single cases, it needs to be pointed out that most of 

the works that are related on this topic are based on micro particles where the size distribution 

and retention behavior comparatively much easier to be characterized and modeled. It is found 

hardly any work that directly investigates the flow behavior of NP-filled fluid systems in a 

fibrous preform, which directly related to this thesis. It could be also related to the complexity 

of this issue due to the following challenges: 

· Particle filtration, especially NPs, is a very complex phenomenon that could be 

influenced by varieties of factors. Among them, the most critical factors are particle 

size and textile porosity. Regarding to NP size characterization, even if there are plenty 

of techniques that are available for NP size measurement, it was found in this work that 

the current procedures and techniques could still be challenged by fully characterizing 

the agglomeration and even the coarse-particles that might left by the dispersion process 

(will be discussed in Chapter 5 later). 

· Particle agglomeration: NPs might tend to agglomerate due to the increased interfacial 

interactions. This is also a thorny issue to be fully characterized but with substantial 

influence on the flow and retention behavior of the NPs. 
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· Textile porosity characterization: even though there are several ways to determine the 

homogenized macro porosity (will be discussed in 3.2.3.2 later), but it is still a quite 

challenging aspect, due to the complexity as described and discussed earlier in 2.2.2.1, 

to quantitatively characterize the distribution and change of porosity in textile – 

especially for the case that NPs deposit on textiles. 

· Model development and simulation: as described earlier, for the case of particle 

retention, each of the parameter in the governing function could change – changing 

pressure gradient, viscosity, permeability etc. Therefore, the modeling and simulation 

are rather challenging regarding the complex modeling and numerical implementation. 

2.3.2 Cure simulation 

Except from the flow behavior, the curing is also a key factor during the impregnation of the 

FRP structures. The final property of the epoxy resin or the epoxy-based composites is strongly 

related to its cure process and final cure state. Although some radiation cure technologies (x 

ray, electron beam, ultraviolet etc.) are proposed [122-125], but the dominant curing processes 

today for epoxy matrix composites are based on a range of thermal heating processes, as 

overviewed and summarized by the author in elsewhere [126]. Because the cure reaction is 

exothermic and epoxy has very low thermal conductivity (thermal conductivity at 25 °C: 0.19 

W/m K), curing process for polymer composites needs to be accurately designed and 

controlled, especially in the industrial application where thick matrixes or composite 

laminates with thickness of up to hundreds of millimeters are required – typical in wind 

turbine blades. Otherwise, the big temperature gradient from the thermal conduction 

and from the reaction exothermy could lead to a non-homogenous curing of parts with 

large residual stresses and poor fiber/matrix bonding, even leading to thermal 

degradation of the matrix due to the temperature overshoot, as shown in the following 

Figure 2.11 and Figure 2.12. Therefore, curing is an important process step in most applications, 

as it is directly determining the process efficiency and final quality of the part.  

 

 
Figure 2.11: Matrix thermal degradation during cure 

because of temperature overshoot [111] 

Figure 2.12: Distortion of FRP parts after curing 

due to thermal induced stress (magnified) 
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By introduction of ceramic NPs, it is expected that the thermal conductivity of the matrix be 

increased, with remarkable reduction of thermal expansion, reaction shrinkage of the matrix, 

which results in decreased cure/temperature gradient, temperature overshooting so that 

improved final properties [16, 127, 128]. Nevertheless, considering the influence of the NPs 

on the critical material thermal properties and cure kinetics, the cure process is more complex. 

Cure simulation provides the basis for, on one hand, investigating the influence of the NPs on 

the curing and thermal behavior, on the other hand, is critical for designing and controlling the 

material and process parameters to optimize the process efficiency, robustness and final 

properties. There are several research works regarding the curing process of the standard 

impregnation processes with neat resin [129-132], nevertheless the influence of the NPs, 

especially the reference system – boehmite-epoxy – as in this thesis is not investigated yet.  

2.4 Properties 

As described in previous chapters, the main goal of introducing NPs is to improve the 

properties of the FRPs by cost-effective LCM manufacturing. The focus of this work lies 

principally in on the matrix dominated mechanical properties – fracture toughness, 

compression, interlaminar shear strength and impact tolerance. Regarding the main goal of this 

work, the review also focuses on works related on modification of resin systems and FRPs by 

quasi-spherical NPs by LCM processes.  

Among the different quasi-spherical ceramic NPs, silica (SiO2) NP is until now mostly 

investigated for application in FRPs [17, 49]. There are also some works that studied alumina 

(Al2O3) NP as functional fillers in epoxy [50, 51]. These studies showed the positive 

improvement of the matrix properties by introduction of NPs. The elastic-modulus, fracture 

toughness and thermal conductivity of the matrix increases almost linearly depending on the 

silica NP content [16, 49, 133], as shown in Figure 2.13 and Figure 2.14. Similar studies for 

alumina NP also showed linear increase in the fracture toughness – even with better 

performance compared to silica [51]. On the other hand, other studies [16] with the silica have 

also showed a linearly decrease in the volume shrinkage and thermal expansion coefficient – 

the main factor that influence the fiber-matrix interface bonding and leading to increased 

residual stress, as shown in Figure 2.15 and Figure 2.16. Moreover, significant improvements 

are also reported for the compressive – both parallel and transvers to fiber direction, damage 

tolerance and fatigue performance of both matrix and FRPs, whereas it needs to be mentioned 

that some studies reported a plateau of these performance or even decreasing after some certain 

critical particle contents [17, 50].  

Based on the studies regarding the silica or alumina NPs, it is obvious that the most critical 

matrix properties that dominate the current challenges in the structural properties could be 
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improved in an almost linear way by introduction of the NPs– at least until the critical particle 

content that is processable in LCM process. NPs can quite effectively improve and modify the 

performance of the FRPs. Of course, all these changes are dependent on the particle type, size, 

geometry and even bonding mechanism with matrix – physically or chemically as well as the 

process parameters. Therefore, in this work, the matrix-dominated properties of the boehmite-

filled FRPs will be in focus, which are still white spot in the current research. 

  

Figure 2.13: E-modulus of epoxy vs. nanosilica 

content cured with different hardeners [49] 

Figure 2.14: KIC of epoxy vs. nanosilica content cured 

with different hardeners [49] 

  
Figure 2.15: Overall volume shrinkage of epoxy–

silica nanocomposites at RT [16] 

Figure 2.16: Linear coefficient of thermal expansion 

(CTE) for epoxy–silica nanocomposites [16] 
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2.5 Research focus and dissertation organization 

According to the overview outlining the current state of the art, the following important aspects 

can be derived which are both scientifically and technically important but not yet well 

investigated and understood. Considering the critical aspects in the FRP production chain 

– material, process and properties – the research focus is categorized into the following 

three key aspects: 1) Material characterization and modeling; 2) Process development 

and simulation; 3) Property characterization and concept evaluation. The three aspects are 

closely related to each other: material behavior directly determines the process strategy and 

boundary conditions; process strategy and parameters have a substantial influence on the 

fabrication efficiency and final properties; and the final property profile regarding the 

application requirements in turn place certain requirements on the material and processing. 

Accordingly, the following Figure 2.17 provides an overview of the research key research 

aspects and organization of the dissertation. Detailed explanations regarding the aspects and 

logical flow are provided below. 

 
Figure 2.17: Research key aspects and thesis organization 

2.5.1 Key aspect I: Material characterization and modeling 

There are three basic material components for fabrication of multi-scale functional FRPs: NP, 

epoxy matrix and fiber reinforcement. They could interact with each other with an influence 

on both material characteristics and process parameters, as well as the final properties. 
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Therefore, it is important to fully understand and characterize each of the basic material 

component properties and their interactions. 

2.5.1.1 Nanoparticle 

The focus here lies principally in investigation and characterization of particle size evolution, 

NP-epoxy suspension stability and particle content. Considering that the process parameters 

and final FRP properties are influenced by particle morphologies, NP-epoxy masterbatch 

fabrication methods (dry particle dispersion, in-situ growing), and surface functionalization etc. 

Therefore, apart from the reference NP – boehmite (AlOOH), there are also two other NPs – 

silica (SiO2) and CNT – are considered and critical aspects and interactions to be comparatively 

investigated. 

2.5.1.2 NP-epoxy matrix  

The focus on the NP-epoxy matrix characterization lies on the influence of NPs on the matrix 

cure, rheological behavior and thermal properties (cure degree, glass transition temperature – 

Tg, specific heat capacity – Cp). These are the most critical aspects for process development 

and final properties. Furthermore, the cure kinetics and rheological behavior of the NP-epoxy 

matrix is theoretically investigated and modeled as the fundamental basis for process 

development, and flow/impregnation as well as cure simulation. 

2.5.1.3 Fiber reinforcement 

For the LCM process, especially by impregnation with a particle-filled matrix system, the 

filtration characteristics of the fiber-textile and preform, and the permeability are the most 

important aspects. These are dominated by the compaction behavior – global/local fiber volume 

fraction and textile porosity distribution in the structure. Therefore, the focus on fiber-textile 

and preform lies in characterizing the macro and micro textile porosity –filament distance 

distribution – and permeability behavior. The permeability behavior is investigated depending 

on different materials (oil, pure epoxy and NP-epoxy suspension) and process parameters – 

fiber volume fraction (FVF), temperature (fluid viscosity) and injection pressure. In order to 

find out the correlations between the parameters regarding permeability and flow behavior, 

design of experiments (DoE) methodologies are applied by which semi-experimental model 

regarding the maximum flow length is derived. 

2.5.2 Key aspect II: Process development and simulation 

Considering the complex flow and retention behavior of NP-filled suspensions, it is important 

to develop new fabrication concepts. This is characterized in this thesis by investigating and 

developing impregnation strategies – including both in-plane (sequential and parallel injection) 
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and out-of-plane methods. The process development is supported on one hand by the flow and 

retention characterization of different NP-epoxy suspensions, on the other hand, by the 

flow/impregnation and cure simulations so that the process development can be accelerated 

and robustness can be enhanced. 

2.5.3 Key aspect III: Property characterization and concept evaluation 

As the last step, it is important to evaluate the proposed concept and applied impregnation 

strategies. This is carried out by characterization and comparison of the mechanical, thermal-

mechanical and electrical properties of the functional FRP structures by the modification with 

NPs. The characterization on mechanical properties focuses on the most critical – matrix 

dominated – properties. As thermal-mechanical properties, thermal conductivities as well as 

dynamic thermal-mechanical analysis (DTMA) are studied as an important criterion for 

geometrical accuracy and structural stability. In addition, the surface and volume electrical 

properties of GFRP laminates that are modified by CNTs are investigated.  
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3 Materials and methodologies 

In this chapter, the materials and methodologies that are applied for the experiments and 

analysis to achieve the research objectives are introduced. The methodology is divided into 

three key aspects: 1) material characterization and modeling; 2) process development and 

simulation; 3) property characterization and concept evaluation. 

3.1 Materials 

3.1.1 Fiber textile  

Two different kinds of fiber reinforcement materials are considered and investigated 

comparatively. As reference, a quasi-unidirectional airspace quality carbon fiber (CF) textile 

(Style 796) from Fa. ECC is used. The textile has an average areal weight of 270 g/m2 (warp/0° 

direction: 400 tex carbon fiber, weft/90° direction: 34 tex glass fiber for stabilization), as shown 

in Figure 3.1. For comparison, also a quasi-unidirectional glass-fiber (GF) textile (HP-U400E) 

from HP-Textile is investigated. The GF textile has a total areal weight of 450 g/m2 (warp/0° 

direction: 400 g/m2 glass fiber, weft/90° direction: 50 g/m2 glass fiber for stabilization, as 

shown in Figure 3.2. Further information is provided in Appendix I: material datasheets. 

The unidirectional fiber textiles are selected as the fibers are mostly aligned in just one direction, 

which is optimal to differentiate the influence of the fiber direction on the critical process 

parameters and final properties. If not explicitly mentioned, the investigations and results are 

based on the reference CF textile. 

  

Figure 3.1: Quasi-unidirectional carbon-fiber textile 

(Fa. ECC, Style 796) 

Figure 3.2: Quasi-unidirectional glass-fiber textile 

(HP-Textile, HP-U400E) 
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3.1.2 Nanoparticle-epoxy matrix systems 

3.1.2.1 Epoxy matrix 

The commercial epoxy resin system LY 556 (DGEBA-type epoxy) with corresponding 

hardener HY917 (methyltetrahydrophthalic anhydride) and accelerator DY070 (1-methyl 

imidazole) from Huntsman Advanced Materials (Switzerland) GmbH is used. The resin, curing 

agent and accelerator are mixed at the recommended mass ratio of 100:90:1.  

3.1.2.2 Nanoparticles 

 Boehmite: As a quasi-spherical ceramic NP, boehmite is an aluminum hydroxide oxide 

– Al(OH)O, which is often used as a precursor for many aluminum products. Boehmite 

particle is price-efficient and the hydroxyl groups on the surface could be directly used 

as functional groups, or easily be modified to different functional groups (amine, acetic 

acid, lactic acid etc.) to generate a good chemical stability and improved particle-matrix 

adhesion by possible covalent connection. In this thesis as the basic reference system, 

boehmite NPs functionalized with acetic acid (CH3COOH), as shown in the 

following Figure 3.3, are investigated. The acetic acid functionalized boehmite NP is 

selected because that this specific-functionalized NP showed better flow characteristic 

regarding viscosity and a higher enhancement of the impact and fracture toughness 

properties compared to unmodified boehmite NP, based the results of Jux et al [134]. 

The special functionalized boehmite NP are called as KE later for the 

simplification (E is the abbreviation for “Essigsäure” in German translation of acetic 

acid). The boehmite NPs that are used in the study are provided by SASOL 

(DISPERAL®. HP 14). 

 
Figure 3.3: Schematic illustration of boehmite NP functionalized with acetic acid (CH3COOH) 

 Silica: Compared to the dry boehmite NP, the silica (SiO2) NPs are directly grown in-situ 

in a transfer medium. Therefore, information about the silica NPs are directly provided later 

directly with the silica-epoxy masterbatch/suspension. 

 Carbon nanotubes (CNT): The multi-wall carbon nanotubes (MWCNT) are from 

Nanocyl s.a (NC 7000, Belgium). The MWCNT has an average diameter of 9.5 nm and 
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average length of 1.5 µm. CNT NPs are quite different considering the high aspect ratio 

that shows significant difference on the flow and filtration behavior in the textiles, 

compared to the above quasi-spherical NP. The density of the MWCNT is reported to be 

1.66-1.75 g/cm3 [135, 136] 

   

Figure 3.4: Morphology of the investigated NPs. Left: Boehmite (dry aggregate particle structure); Middle: 

Silica (silica-epoxy after cure [17]); Right: CNT (after dispersed in acetone) 

3.1.2.3 Nanoparticle-epoxy matrix 

 Boehmite-epoxy nanosuspension: as the reference nanosuspension system, boehmite NPs 

with primary particle size of 14 nm and average agglomerate size of around 30 µm 

according to the manufacturer (DISPERAL HP14, SASOL Germany) are dispersed into 

the epoxy matrix a high-performance laboratory kneader HKD-T0.6 (IKA, Germany) to 

produce masterbatches with 40 wt% boehmite NPs, at the Institute for Particle Technology 

(IPAT), TU Braunschweig. The particle size within the produced masterbatch is measured 

by Nanophox (Sympatec, Germany) as described in the paper [54]. The X10, X50 and X90 

values of dispersed particle size within the produced masterbatch are separately 81 nm, 104 

nm and 134 nm, as shown in Figure 3.5.  

 Silica-epoxy nanosuspension: as the second comparative NP system, a commercial 

diglycidyl ether of bisphenol A (DGEBA) epoxy based silica nanosuspension (NANOPOX 

F400, 40 wt%, epoxy equivalent weight: 295 g/eq) from Evonik Industries AG is used. 

Compared to the boehmite nanosuspension, the silica nanosuspension is manufactured in 

situ directly in the epoxy resin by a modified sol–gel process and has an average particle 

size of 20 nm and a very narrow particle size distribution. 

 MWCNT-epoxy nanosuspension: as the third comparative nanosuspension, the CNT-

epoxy suspension is prepared in house. The dispersion process is based on the combination 

of shear mixing with ultrasonic. Considering the extent of the work, regarding the 

investigations and results about the dispersion and characterization of the MWCNT, the 

readers are redirected to the following work [137] or thesis [138] that is supervised by the 

author. 
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Figure 3.5: Particle size distribution of boehmite 

nanosuspension 

Figure 3.6: Particle size distribution of silica 

nanosuspension [17] 

For the experiments, the masterbatch is diluted to the desired particle concentration with a 

planetary mixing machine (Thinky Mixer ARV-310) twice with the following parameters: 1) 

1.5 minutes at 0 rpm under vacuum of 5 kPa absolute pressure; 2) 1.5 minutes at 1000 rpm 

under vacuum of 10 kPa absolute pressure; 3) 1.5 minutes at 2000 rpm under vacuum of 1 kPa 

absolute pressure at room temperature.  

Before injection, the NP-epoxy matrix system is filtered with a fine sieve (mesh size 

approximately 190 μm) to eliminate foreign object or possible leftovers from the masterbatch 

that are not fully diluted during the dispersion process. 
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3.2 Methodology for key aspect I: Material 

characterization and modeling 

 

3.2.1 Nanoparticle-epoxy masterbatch  

The critical factors of the NP regarding the processing are the dispersion size, stability and 

concentration. The dispersion size and stability are effected by the matrix environment and 

functional groups on the NPs. The dispersion and characterization of the bohmite particles in 

masterbatch is carried out by project partner – Institute for particle technology (IPAT), TU 

Braunschweig. Nevertheless, the change in the dispersion and agglomeration during the 

process is further investigated in the thesis. The dispersion and stability of the NPs are often 

improved by applying dispersion/stabilization agents, especially in very low-viscous medium 

(water, ethanol etc.). For the study in this thesis, the resin viscosity is high enough – at least in 

the masterbatch, so no additional dispersing/stabilization agent is applied. Therefore, this 

aspect is not under consideration in this work. 

3.2.1.1 Boehmite NP size development during the process 

In order to investigate the particle size evolution and suspension stability during the process, 

epoxy suspensions with different boehmite and silica content are prepared and the cryo-fracture 

surface is investigated in high-resolution scanning electron microscopy (SEM). The particle 

size distribution is subsequently analyzed by image-processing processes. 
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3.2.1.2 NP concentration 

The NP concentration in the nanosuspensions is measured in both masterbatch and diluted 

suspensions by TGA measurements on a TGA Q5000 device from TA Instrument (Heat: 30 °C-

800 °C, 10K/min, air condition).  

3.2.2 Nanoparticle-epoxy matrix 

According to the correlation of NP-epoxy suspension and processing parameters, the cure 

kinetics and rheology is the most important process parameters. Besides, the exothermic energy 

by curing (cure enthalpy), Tg and specific heat capacity are the important parameters for the 

cure simulation and final properties. In this thesis, the focus lies in the characterization of these 

parameters, with an emphasis on modeling the cure kinetics and rheological behavior of the 

boehmite NP-modified epoxy matrix systems. The following provides an overview on the 

critical aspects and used methods for investigation. 

3.2.2.1 Cure characterization (Cure degree, Tg)  

A TA Q-2000 DSC from TA Instrument is used to measure the reaction heat and the glass 

transition temperature (Tg) of the samples. The attached cooling system RCS90 allows for 

cooling the samples down quickly to −90 °C.  Resin samples of approximately 5–10 mg are 

placed in aluminum hermetic pans. 

Dynamic measurements are performed from −80 °C to 250 °C for the following heating rates: 

1, 2, 5 and 10 K/min to characterize the dynamic curing behavior and to obtain the total reaction 

enthapy. The cured specimens are checked for the maximum obtainable glass transition 

temperature (Tg∞) using a subsequent dynamic scan from 20 °C to 250 °C. For the isothermal 

measurements, several samples are prepared in one batch to exclude the potential deviations 

from the preparation and stored at −18 °C to stop the reaction (proved feasible up to 5 days). 

The samples are tested isothermally at 100, 110, 120 and 130 °C, respectively. They are cooled 

firstly down to −20 °C, then heated up quickly to the desired cure temperature and cured at this 

temperature until the heat flow rate remained constant. At this point, the Tg exceeds the Tcure 

by which the sample vitrifies due to the glass transition, therefore the reaction only proceeds at 

negligible rate due to the diffusion controlled reaction. The samples are subsequently cooled 

down to 40 °C and heated up, until it reaches the aging peak (also called as annealing peak) 

due to the thermal aging effect, directly after the aging peak the samples are quenched again to 

40 °C to overcome the disturbance of the aging peak to determine the Tg and rest enthalpy. For 

the details about the annealing peak and its effect on the reaction peak, the readers are 

redirected to the other studies [139, 140]. At the third cycle, the samples are heated again 

using 10 K/min dynamic scans up to 250 °C until the samples are fully cured and the final Tg 
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as well as the residual enthalpy (Hres) are measured. The heat flow and temperature are recorded 

over time. The heat flow data is adjusted using a horizontal baseline, which extends from heat 

flow values at the end of reaction to initial values. 

3.2.2.2 Cure kinetics modeling 

As discussed earlier, the first crucial step for the cure kinetics modeling is to find out how the 

reaction proceeds. There are two main reaction mechanisms: nth order (accelerating or 

decelerating) and autocatalytic. These two reaction mechanisms could be differentiated by the 

time where the maximum rate of heat evolution is reached: materials obeying nth order kinetics 

will have the maximum rate of heat evolution at time zero (decelerating), while an auto-

catalyzed material will have its maximum heat evolution at 30-40% of the reaction time [69, 

70].  

DSC provides an easy and quick analysis of the reaction mechanism: when the material is 

heated at an isothermal temperature and the cure exotherm is recorded, the time where the 

maximum heat evolution is reached could be detected easily. According to the heat evolution 

curve versus time as shown in the Figure 3.7, it could be proved that the epoxy resin system in 

this paper shows an autocatalytic reaction. As shown in Table 1, there are also different models 

for autocatalytic reactions, among which the Kamal-Sourour model was studied and applied 

mostly for similar systems, therefore, Kamal-Sourour (nth order + autocatalytic) model from 

the table was selected for modeling the reaction. 

 
Figure 3.7: Heat evolution at isothermal cure temperature 

(pure resin, 120°C, Exo down) 

Besides, based on the earlier studies, Fournier’s model was mostly applied for characterizing 

the diffusion effect of the similar systems, so the Fournier’s model was selected to modify the 

Kamal-Sourour model as following: 
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3.2.2.2.1 Estimation of kinetic parameters 

According to the selected model as described above, there are eight kinetic parameters (A1, A2, 

E1, E2, m, n, 𝛼𝑐, and C) which need to be determined to describe an isothermal reaction. These 

parameters are mostly solved numerically by regression analysis on the test data and model. 

Therefore, it is quite important to properly estimate the initial values of the kinetic parameters, 

as poor selected initial parameters could lead to instable or poor modeling results, even 

sometimes without convergence. There are different methods for estimating the initial model 

parameters which could be categorized into heating rate DSC methods, including Borchardt & 

Daniels Method [141], Kissinger method [142], Flynn/Wall/Ozawa method [143] & Friedman 

method [144], or isothermal methods, including Sestak Berggren & Avrami methods [70].  

Borchardt and Daniels Method is based on single heating rate DSC measurement, therefore it 

needs single calibration, works rather fast and simple and provides all three E, A and n 

estimations. However, it is based on an assumption of nth order well behaved reactions. 

Kissinger and Ozawa methods are based on at least four variable heating rate DSC methods. 

The calibration is a little bit time consuming, but it is applicable for complex, multi-staged 

reactions. However, these methods assume a 1st order reaction, with an estimation of (E and 

A). Isothermal methods are applicable to both nth order and autocatalytic reactions with an 

estimation of E, A and reaction orders (m, n, p). However, by isothermal DSC measurements 

at lower temperatures, the reaction normally does not go to full completion due to the 

vitrification effect and requires much longer time compared to heating rate DSC measurements. 

As the heating rate DSC methods are based on either nth or 1st order reactions, for autocatalyzed 

thermosets, the heating rate methods generally provides an accurate assessment of the 

activation energy. However, the pre-exponential factor may not be valid since the calculation 

of A is based on an nth order reaction. A big deviation of the A value between the Kissinger 

and Prout–Tompkins autocatalytic model estimation was reported by Hardis et al [57]. 

Therefore, the estimated A values from the heating rate DSC methods needs to be considered 

quite critically. 

The application of these different methods differs depending on the assumption 

conditions of the models and material curing behavior. They all could, furthermore, be 

principally categorized into model-free (iso-conversional) and model fitting methods. The 

assumption conditions and calculation procedures are explained and discussed in the following. 

𝑑𝛼

𝑑𝑡
= (𝐾1 + 𝐾2𝛼𝑚)(1 − 𝛼)𝑛𝑓𝑑(𝛼) 

𝐾𝑖(𝑇) = 𝐴𝑖𝑒
(−

𝐸𝑖
𝑅𝑇

)
 

𝑓𝑑(𝛼) =
2

1 + 𝑒𝑥𝑝(𝛼 − 𝛼𝑐) /𝐶
− 1 

where 

K(T): rate function 

A: pre-exponential factor,  

E: activation energy,  

R: ideal gas constant and  

T: absolute temperature 

m, n: reaction order 

αc: critical cure degree 

C: fit parameter 

Eq. 3.1 
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3.2.2.2.1.1 Model-free (iso-conversional) methods  

The iso-conversional methods are based on the assumption that the reaction rate at a constant 

extent of conversion only is a function of temperature. By taking a logarithmic temperature 

derivative of the Eq. 2.3, 

As α is a iso-conversional constant, the f(α) is also a constant, so the second term in the right 

hand side of  Eq. 3.2 is also zero. Thus: 

Therefore, the activation energy could be evaluated depending on the conversion, without 

assuming or determining any reaction model. That is why the iso-conversional methods are 

also called model-free methods. The iso-conversional methods provide a meaningful analysis 

and evaluation of the reaction mechanism: a significant change in Eα to conversion α (normally 

the range of 0.1 to 0.9 is considered regarding the experimental deviations) implies that the 

reaction kinetic is complex, therefore multi-step reaction models need to be considered. 

However, by the iso-conversional methods, without assuming a reaction model, it is not 

possible to estimate the other kinetic parameters: pre-exponential factor A and reaction order. 

Two most applied iso-conversional methods is Friedman [144] in differential form as in Eq. 

3.4, and Ozawa method in integral form [145], as in Eq. 3.5. Both methods could provide the 

relationship between activation energy and conversion. 

 Friedman method: 

 Ozawa method: 

3.2.2.2.1.2 Model-fitting methods 

In comparison to the model-free methods that are described above, model-fitting methods are 

based on derivation of the kinetic parameters by fitting the experimental data for an assumed 

reaction model. Therefore, the first critical step by this method is to identify and evaluate a 

suitable reaction model. The determination of the reaction model includes, checking the 

reaction complexity – the change of the activation energy to conversion, detecting and 

comparing the reaction curve with the typical kinetic curves from reaction models. Mostly used 

[
𝜕𝑙𝑛 (𝑑𝛼/𝑑𝑡)

𝜕𝑇−1
]𝛼 = [

𝜕𝑙𝑛𝑘(𝑇)

𝜕𝑇−1
]𝛼 + [

𝜕𝑙𝑛𝑓(𝛼)

𝜕𝑇−1
]𝛼   Eq. 3.2 

[
𝜕𝑙𝑛 (𝑑𝛼/𝑑𝑡)

𝜕𝑇−1
]𝛼 = −

𝐸𝛼

𝑅
   Eq. 3.3 

𝑙𝑛(
𝑑𝛼

𝑑𝑡
)𝛼,𝑖 = 𝑙𝑛 [𝑓(𝛼)𝐴𝛼] −

𝐸𝑎

𝑅𝑇𝛼,𝑖
   Eq. 3.4 

𝑙𝑜𝑔𝛽𝑖 = −
0.4567𝐸𝑎

𝑅𝑇𝛼,𝑖
+ 𝑙𝑜𝑔 [

𝐴𝐸𝑎

𝑔(𝛼)𝑅
] − 2.315 where 

β: heating rate,  

g (α): integral function of 

conversion 

Eq. 3.5 
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model fitting methods include Kissinger method (dynamic DSC process) and Sestak-Berggren 

& Avrami methods (isothermal DSC process). 

 Kissinger method  

As one of the most often used methods in many studies, Kissinger method assumes that the 

maximum reaction rate occurs at the exothermal peak, the activation energy, E, is related to the 

heating rate (β), and peak temperature (Tp), as follows: 

After rearrangement, 

In Kissinger method, ln (
𝛽

𝑇𝑝
2) is plotted against 1/Tp, by which the activation energy and pre-

exponential factor are decided from the slope and interception. It assumes that the 𝑓′(𝛼𝑝) is 

independent of the heating rate which holds strictly only for 1st order reaction as 𝑓′(𝛼𝑝) = −1. 

This is, however, reported to be a “reasonable” approximation for nth order and Avrami 

reactions [70]. Moreover, Kissinger method simplifies the activation energy and pre-

exponential factor as being a constant value during the whole reaction, which could be a 

possible over-simplification for complex reactions. However, this method is applied in many 

studies for kinetic analysis of epoxy systems and reported to be a feasible estimation of the 

model starting parameter [58, 59, 146]. 

 Sestak-Berggren (S-B) method:  

As an important method for kinetic parameters estimation, in S-B method, the conversion 

function is estimated to be autocatalytic as follows: 

In a logarithmic form 

As the equation has a form of = 𝑎 + 𝑏𝑥 + 𝑐𝑦 , where x=ln(α), y=ln(1-α), z= ln(dα/dt), the 

kinetic parameters (K, m und n) could be estimated using multiple linear regression analysis. 

There further estimation of A and E follows the Arrhenius equation as described in Eq. 2.6. 

𝑑2𝛼

𝑑𝑡2
= [

𝐸𝛽

𝑅𝑇𝑝
2

+ 𝐴𝑓′(𝛼𝑝) 𝑒𝑥𝑝 (−
𝐸

𝑅𝑇𝑝
)] (

𝑑𝛼

𝑑𝑡
)𝑝 = 0   Eq. 3.6 

𝑙𝑛 (
𝛽

𝑇𝑝
2

) = 𝑙𝑛 (−
𝐴𝑅

𝐸
𝑓′(𝛼𝑝)) −

𝐸

𝑅𝑇𝑝
   Eq. 3.7 

𝑑𝛼

𝑑𝑡
= 𝐾𝛼𝑚(1 − 𝛼)𝑛   Eq. 3.8 

𝑙𝑛 (
𝑑𝛼

𝑑𝑡
) = 𝑙𝑛(𝐾) + 𝑚 ∙ 𝑙𝑛(𝛼) + 𝑛 ∙ 𝑙𝑛(1 − 𝛼)   Eq. 3.9 
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3.2.2.2.2 Heat capacity 

Heat capacity of the NP-epoxy suspensions is measured in the same TA Q-2000 DSC from TA 

Instrument by a modulated form (MDSC). Firstly, the heat capacity of Saphire – reference 

material – is measured in the desired temperature range (-90°C – 250°C, 5K/min, ± 1 K, 1 Hz). 

The test data are compared to the standard value from DIN EN ISO 11357 and a correction 

factor is determined. Secondly, the heat capacity of the real sample is measured and corrected 

with the correction factor to get the real heat capacity. In order to separate the dependency of 

the heat capacity on the curing degree and temperature, firstly the sample is investigated by 

several quasi-isothermal modulated DSC measurements so that the heat capacity can be 

obtained by the modulated signal, but the influence of the temperature can be neglected. 

Secondly, samples with different initial curing states are prepared and heated by MDSC 

(5K/min) from – 90°C to 250°C, to measure the heat capacity dependent on both cure and 

temperature. 

3.2.2.2.3 Glass transition temperature vs. conversion 

The relationship between the glass transition temperature and conversion is modeled by the 

Dibenedetto equation [147], as follows: 

𝑇𝑔 − 𝑇𝑔0

𝑇𝑔∞ − 𝑇𝑔0
=

𝜆 ⋅ 𝛼

1 − (1 − 𝜆)𝛼
 where 

Tg0: Tg of the uncured resin  

Tg∞: Tg of the cured resin 

λ : model parameter 

Eq. 3.10 

The model parameter λ is mostly determined by data fitting, where plenty of samples with 

different curing degree need to be prepared and the Tg to be characterized. In comparison, λ 

could be determined by the equation: λ= ΔCp∞ /ΔCp0 , ΔCp∞  and ΔCp0 are isobaric heat capacity 

change at fully cured and uncured state [148, 149]. In this study, the value for λ is determined 

by heat capacity ratio method, due to the simplicity. 

3.2.2.3 Rheology characterization  

The rheological measurements are conducted by a TA AR-2000 instrument from TA 

Instrument. A 40 mm-diameter aluminum plate geometry is used in plate-plate mode. A platin 

temperature controller is used as the basic temperature control element to accurately control 

the temperature. Dynamical viscosity measurement is carried out with 5K/min, from 20 °C to 

about 140°C, until the viscosity reaches the limit of 1.5 Pa∙s. Isothermal viscosity 

measurements were carried out with a shear rate of 50 1/s, also until the viscosity reaches the 

limit of 1.5 Pa∙s. Besides, oscillation viscosity measurements are also conducted to determine 

the “gel time” by the point where the storage modulus (G') exceeds the loss modulus (G''). 
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3.2.2.4 Rheology modeling 

Based on the literature review, the Castro-Macosko model was used in several studies for 

modeling the rheological behavior of epoxy resin systems [150] or films [56] and showed 

promising results, so in this work the Castro-Macosko model was selected firstly for both pure 

epoxy and boehmite-filled systems. 

3.2.2.4.1 Estimation of rheological model parameters  

Based on the Castro-Macosko model, the temperature dependent viscosity evolution could be 

predicted by a dynamic rheological analysis. The physical resin parameters (Eη and 𝜂∞) could 

be estimated following Arrhenius relationship for viscosity model at zero cure: 

The values of Eη and 𝜂∞ can be obtained from dynamic viscosity plots of lnη versus 1/RT at 

low resin conversion, with the similar calculation as Kissinger plot in cure kinetics.  

3.2.2.5 Regression analysis algorithms 

The development of the model coefficients is based on linear [58, 61] or non-linear [56, 59] 

least-square regression analysis to find the optimal coefficients for the models by which the 

summed square of residuals between the test value and model value. The analysis can be 

described mathematically as follows: 

Due to the complexity of the model and ill-posedness of the regression analysis, it is found in 

the later study that, if the regression analysis is based on the single curing curve – single target 

regression – the developed model data could not necessarily describe the curing behavior by 

some other curing temperatures. Therefore, a multi-target regression analysis method that 

considers several curing curves at the same time is implemented, as follows: 

In addition, if the Kamal-Sourour model is rearranged as followed in Eq. 3.15 and the reaction 

order m is assumed to 1, so at the initial stage of the reaction where the diffusion term 𝑓𝑑(𝛼) is 

equal to 1, the right side of the equation is a linear function with the slope as K2 and the 

𝜂 = 𝜂∞𝑒𝑥𝑝 (
𝐸𝜂

𝑅𝑇
)(

𝛼𝑔𝑒𝑙

𝛼𝑔𝑒𝑙 − 𝛼
)(𝐴+𝐵𝛼) where 

Eη: flow activation energy  

𝜂∞: viscosity at T∞ 

αgel: cure degree at 

gelation 

A, B: fit parameters 

Eq. 3.11 

𝑙𝑛𝜂0(𝛼 = 0) = 𝑙𝑛𝜂∞ +
𝐸𝜂

𝑅𝑇
   Eq. 3.12 

𝑆𝑟 = ∑ 𝑟𝑖
2

𝑛

𝑖=1

= ∑(𝑓(𝑋𝑑𝑎𝑡𝑎𝑖 , 𝛹) − 𝑌𝑑𝑎𝑡𝑎𝑖)
2

𝑛

𝑖=1

 where 

ri= residual 

n: number of data points 

𝑓(𝑋𝑑𝑎𝑡𝑎𝑖 , 𝛹): model 

𝛹: model coefficients 

Eq. 3.13 

𝑆𝑟
𝑚 = ∑ ∑ 𝑟𝑖

2

𝑛

𝑖=1

𝑁

𝑗=1

= ∑ ∑(𝑓(𝑋𝑑𝑎𝑡𝑎𝑖 , 𝛹) − 𝑌𝑑𝑎𝑡𝑎𝑖)
2

𝑛

𝑖=1

𝑁

𝑗=1

 where N: number of curves Eq. 3.14 
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inception as K1. The left side of the equation should also show a linear development, by which 

the reaction order n also could be determined [58, 61]. 

As the linear regression analysis is based on the assumption of the reaction order m as 1, which 

leads to a decreased freedom of the parameters. On the other side, it is found in the paper the 

determination of the other reaction order n is mostly based on trial-and-error as it is difficult to 

quantify the criteria “linear” accurately, which could inevitably compromise the model quality. 

Therefore, this work is concentrated on the influence of single- and multi-target non-linear 

regression analysis on the model description and prediction quality. The details will be 

discussed later in Chapter 4. 

Considering the complexity of the determination of the cure kinetics and rheology, a 

custom-developed software is developed. The operation flow chart and model 

development processes are shown in the following Figure 3.8 and Figure 3.9. 
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Figure 3.8: Operation flow chart of the custom-developed software for cure kinetics and rheology modeling 

 

 

𝑑𝛼/𝑑𝑡

(1 − 𝛼)𝑛
= (𝐾1 + 𝐾2𝛼𝑚)𝑓𝑑(𝛼)   Eq. 3.15 
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Figure 3.9: User-interface of the custom-developed software for cure kinetics and rheology modeling 
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3.2.3 Fiber reinforcement   

According to the correlation of fiber reinforcement and processing parameters, the fiber volume 

fraction (FVF), filament distribution and permeability are the most critical parameters in the 

LCM processes, among which the FVF – dependent on the compression or draping/shearing – 

is a deciding factor for the filament distance distribution and permeability. Besides, for the 

particle-filled systems, the NPs could also influence the permeability. Therefore, the 

compaction behavior, filament distance distribution, permeability and their interaction to each 

other with consideration of NPs are predominantly investigated and characterized. A shear 

deformation of the preform by the draping on complex geometries could also influence the 

permeability and filament distribution, considering the extent of the thesis and specialty of this 

draping effect, this aspect is not under consideration. 

3.2.3.1 Filament diameter characterization 

In order to precisely evaluate the fiber volume fraction and filament distance by optical 

methods, it is critical to accurately detect the boundary and diameter of each filament, which 

is only possible by high-resolution microscopic methods like scanning electron microscopy 

(SEM). However, the high local zooming by SEM inevitably leads to a limited view of 

observable areas in the samples, which could lead to increased loss of statistic information, 

unless a lot of image collection and analyze. Therefore, three kinds of images with different 

resolutions are taken by optical microscope (OM) (VK/9710 from KEYENCE) and SEM 

(DSM Gemini 982 from ZEISS), to compare the influence of resolution on filament recognition 

and systematical error due to sample size.  

3.2.3.2 Global/local fiber volume fraction characterization  

Fiber volume fraction (FVF) is one of the dominating factors for the permeability of the fiber 

preform and the flow behavior of the fluid – especially for particle-filled systems. Therefore, 

it is quite important and critical to precisely determine the FVF. Due to the heterogeneity of 

the preform structure, dual-scale macro and micro porous structure, here the FVF at two 

different scales could be differentiated: global and local FVF. Global FVF is the average value 

of FVF regarding the whole sample level (in laminate). Yet local FVF shows the FVF within 

the rovings. Therefore, in this thesis the following different methods are investigated to be able 

to differentiate the global and local FVF. 

3.2.3.2.1 Method 1: laminate thickness 

The global FVF in laminate can be calculated with the laminate parameters, by the following 

equation: 
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3.2.3.2.2 Method 2: Chemical 

The global FVF of the laminates is also determined chemically, CF-laminates according to 

standard “DIN EN 2564:1998, Aerospace series – Carbon fibre laminates – Determination of 

the fibre-, resin- and void contents” [151] and GF-laminates according to “DIN EN ISO 1172 

-1998: Textile-glass-reinforced plastics – Prepregs, moulding compounds and laminates – 

Determination of the textile-glass and mineral-filler content – Calcination methods” [152]. 

3.2.3.2.3 Method 3: Optical 

Both global and local FVF are calculated optically by filament volume fraction in roving 

(local_FVF) and roving volume fraction (RVF) in laminate, by the following equation: 

Firstly, several OM images are taken from the rovings so that the filament numbers could be 

measured by the custom developed software Filpro (will be explained more in detail later). 

Combining the diameter that is determined by the high-resolution SEM images as described in 

3.2.3.1, the local_FVF in roving could be obtained by calculating the percentage of filaments 

areas in the picture, as shown in the Figure 3.10 left. Secondly, the whole cross section from 

the laminate is obtained by special image assembling of six separate images, by which the 

whole cross section could be obtained and the RVF could be determined by special image 

processing (software ImageJ), as shown in the Figure 3.10 middle and right. 

   
Figure 3.10: Optical determination of FVF (OM images). Left: filament volume fraction in roving; Middle: 

Laminate cross secion (original image); Right: Roving volume fraction (processed image) 

3.2.3.3 Roving & Filament distance distribution vs. FVF   

Considering the flow behavior of the particle-filled epoxy system in the textile, it is quite 

important to understand and characterize the porous structure of the fibrous preform to analyze 

𝑉𝑓 =
𝑛𝑊𝐴

𝜌𝑓ℎ
 

 

where 

Vf: fiber volume fraction 

n: number of textile layers 

WA: areal weight 

ρf: fiber density 

h: laminate thickness 

Eq. 3.16 

𝑉𝐹  = 𝑙𝑜𝑐𝑎𝑙_𝐹𝑉𝐹 ∗ 𝑅𝑉𝐹 where 

local_FVF: Filament 

volume fraction in roving 

RVF: Roving volume 

fraction 

Eq. 3.17 
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the particle flow and filtration mechanism in the porous textile structure. As described earlier, 

if a standard textile microstructure is considered, as shown in Figure 2.3, two different basic 

elements at distinct levels could be differentiated: rovings and filaments. Correspondingly, 

there are two different scales of pores to be differentiated: macro-scale pores that are 

generated between the rovings and micro-scale pores between the filaments. Both the 

macro and micro-scale pores are stochastic variables that are strongly dependent on the roving 

size, textile architecture and surface weight. The distribution of the two different pore sizes 

could be illustrated in Figure 2.4. Among them, however, the micro-pores – distance between 

the filaments in the roving – are expected to be much more important to the particle flow, as 

they are mostly critical for the filtration of the NPs. 

Considering the stochastically distributed filaments in a laminate cross section, as shown 

in Figure 3.11, several kinds of statistical methods are applied to fully characterize the 

filament distance distribution in the most representative way: Nearest Neighbor Distance 

(NND), Neighbor Distance (ND) and Ripley’s K function.   

The definition of the different statistical characterization methods is explained combining the 

Figure 3.12 as follows: each filament is a circle with a certain diameter (D); if a certain filament 

is considered, as the green one as reference in the picture, the nearest neighbor is the one that 

has the smallest center distance to the reference filament (the yellow one in the Figure 3.12); 

the distance between the centers of these two are defined as Nearest Neighbor Center Distance 

(NNCD). To systematically characterize the full distance spectrum – all the neighbor distance 

– around a filament, the following algorithm is applied: as long as a filament lies outside the 

cover angles of any other filaments, or a filament can be moved to the reference laminate 

without interfering with any other filaments, it is considered to be a direct neighbor to the 

reference filament (the blue ones are the neighbors, but the red ones are not), by which the 

Neighbor Center Distance (NCD) can be calculated among filaments. The distance of the 

  
Figure 3.11: Stochastically distributed filaments 

(typical fiber-laminate cross section) 

Figure 3.12: Image analyze methods for 

characterizing the filament distance 
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filaments is calculated by subtracting the center distance minus radius of the two considered 

filaments: NND = NNCD-r1-r2 or ND= NCD-r1-r2. 

As mentioned earlier, in order to evaluate the filament distance, it is critical to precisely detect 

the boundary of each filament, which is only possible by high-resolution microscopic methods 

like SEM. However, the high local zooming by SEM leads inevitably to a limited view of 

observable areas in the samples, which could lead to increased loss of statistic information, 

unless a lot of image collection and analyze. Considering these issues, a combined approach is 

used to calculate the filament distance: the filament diameter distribution is systematically 

investigated by SEM pictures in a high resolution with best accuracy, after that optical 

microscopy is used to detect the cross section with less zooming – bigger view, from which 

nevertheless the middle points of the filaments can be determined. By combining the filament 

diameter and filament-center distance information from the two methods, the filament distance 

can be determined in a rather accurate way.  

Laminates with different FVF are fabricated by using Resin Transfer Molding (RTM) process. 

At least three samples from different positions of the laminates are taken to prepare for the 

image analyze after grinding and polishing. The cross-section images of composites are 

investigated both by optical microscope (OM) and SEM. To detect the filaments and obtain the 

diameter and distance information in laminate cross section, the SEM and OM images of each 

composite are required to be analyzed by image processing software. As explained earlier, this 

is quite critical for the accuracy of the analyzed data, especially to analyze the centers of the 

filaments by OM images. As the edges of the filaments are quite fuzzy due to the low resolution 

in OM pictures, even sometimes there might be some inevitable filament breakage on the 

surface due to the grinding and polishing process for sample preparation. So the image 

processing software is required to be equipped with image fuzzy recognition function.  

The standard available software cannot meet the requirement. For example, the software 

ImageJ, which most commonly used for image processing, cannot find a regular outline 

of the filament from the images, showing distorted shapes in the processed image, as 

shown in Figure 3.13 (bottom). These all could lead to a higher data error of filament 

distances because the accurate coordinators and outlines of filament cannot be measured 

from the irregular filaments images, as shown in Figure 3.13 on the right. Therefore, a 

custom software tool with image fuzzy recognition function is developed with Matlab to 

accurately find out and replenish the missing parts of filaments, if necessary, for each 

filament and their center coordinates in a laminate cross section. 

The developed software has the below functions:  

· Filament fuzzy recognition;  

· Coordinators and diameter of filament measurement;  
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· ND, NND and NNCD operation; 

· Ripley’s K Function; 

 

 

 

 

  
Custom-developed image analyze tool 

 
(Possible error!!) 

   
Conventional image analyze tool  

Figure 3.13: Comparison of the image processing qualities  

Filpro (top) vs. the standard software (ImageJ, bottom) 
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Figure 3.14: Operation flow chart (left) and user-interface (right) of the custom-developed software Filpro 
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3.2.3.4 Permeability tests 

3.2.3.4.1 New model for flow front development  

As described in the previous chapter in Eq. 2.17 - Eq. 2.19, the timely flow front development 

– flow velocity – is one of the dominating factors for determining the permeability of the textile. 

By an injection with standard non-reactive fluids (oil or neat epoxy without curing agent) with 

constant pressure, the development of squared flow front (𝑥𝑓
2 ) versus time (t) shows a linear 

increase with a constant slope (m), as shown in Figure 3.15 (linear regression). However, for 

particle-filled systems, if the particles could deposit during the flow, it could lead to change of 

textile porosity, leading to a gradual deviation of the flow front from linearity, as shown in 

Figure 3.16. Therefore, in this case, the permeability of the textile could change as a function 

of time and position. 

  
Figure 3.15: Flow front development in a 

permeability measurement by incompressible flow 

(oil or pure epoxy) 

Figure 3.16: Flow front development in a 

permeability measurement by compressible flow 

(FVF60%, KE5% suspension) 

Nevertheless, after experimental and numerical investigation, it is found out that the 

development of 𝑥𝑓
2 versus time by a particle-filled fluid could be mathematically well described 

by an exponential decay function in increasing form as following, 

𝑦 = 𝑎(1 − 𝑒𝑥𝑝 (−𝑏𝑥)) where a: maximum limit 

b: decay factor 
Eq. 3.18 

The exponential decay function curve development regarding the different coefficient values 

are illustrated in the following Figure 3.17, in comparison with linear development. In the case 

of the flow of NP-filled fluid in textiles, the parameter a – maximum limit – represent the 

maximum squared flow length, and the parameter b – decay factor – represents the NP 

filtration or gradient factor. 

By this new model, the development of 𝑥𝑓
2 versus t, by a standard non-reactive flow, can be 

seen as a case where the parameter a tends to infinity and b tends to zero. This shows that the 

flow behavior of the standard fluids can also be described by the new model, as shown in the 
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Figure 3.15 (exponential decay regression). Therefore, the new model can be considered to 

be more general to be able to describe the timely flow front development of both standard 

and special – particle-filled fluid – flow cases. 

 
Figure 3.17: The exponential decay function curve development depending on the parameters 

To calculate the permeability value, except from the flow front development (𝑥𝑓
2, 𝑡 ), the 

pressure, fluid viscosity (temperature) and pressure gradient values are needed, as discussed in 

Eq. 2.17 - Eq. 2.19. As the NP retention could influence the permeability, so all the critical 

manufacturing parameters – FVF, temperature, pressure and NP concentrations – come into 

play. It needs to be pointed out that, without knowing the changes in the fluid viscosity 

and pressure gradient, the proposed model above cannot be directly applied in Eq. 2.17 - 

Eq. 2.19 for calculation of the permeability value. Nevertheless, it is a semi-experimental 

model for describing the flow behavior with two characteristic factors – maximum flow 

front and decay factor, by which the most critical information can be determined without 

complicated simulations. To be also able to more precisely determine the flow speed and 

particle retention, multiphysic-coupled models are needed for the simulation. This aspect will 

be further described later in 3.3.2: Flow simulation.  

3.2.3.4.2 Fluid & viscosity 

 Silicone oil: silicone oil-AK100 from Wacker is used as the standard fluid for the 

permeability experiments.  

 NP-epoxy suspension: For particle-filled suspensions, the KE masterbath that is 

delivered from IPAT is diluted with the resin (without any curing agent) into 2.5 wt%, 

5 wt% and 10 wt%.  

Dynamic viscosity measurements are carried out with 5K/min from 20-120 °C, with a shear 

rate of 50 1/s. It is fitted within the relevant temperature region with a two-term exponential 

model (see Figure 3.18). This modeled temperature dependence of the viscosity is used to 

calculate the present viscosity in the permeability measurement. 

Maximum flow 
length2 
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Figure 3.18: Viscosity vs. temperature of the silicon 

oil test fluids 

Figure 3.19: Viscosity vs. temperature of the 

boehmite-epoxy test fluids 

The viscosity data are fitted within the relevant injection temperature region (60-100 °C) with 

a two-term exponential model. This modeled temperature dependence of the viscosity is used 

to calculate the present viscosity in the permeability measurements. As shown in Figure 3.19, 

the viscosity of the NP-epoxy suspensions until 5 wt% showed an exponential decrease as the 

temperature increase. However, at higher particle concentrations, for example KE 10 wt%, 

there is a sudden change in viscosity by the temperature of about 80 °C. This is proved to be 

due to irreversible chemical reactions between the particle and epoxy, even without curing 

agent. Therefore, in order to exclude the possible effect that could be caused due to the reaction, 

the permeability tests are conducted only with particle up to 5 wt%.   

3.2.3.4.3 Flow front tracking 

The flow fronts during the permeability tests are tracked by a custom-developed test rig in 

house [82] (see Figure 3.20). The test rig is mainly devised for optical tracking of the flow front 

in linear and radial-flow experiments. However, it also allows for linear saturated-flow 

experiments. In order to prevent tool deformation during textile compaction, it features a stiff 

upper mold made from a 243 mm high, cross-beam-reinforced steel frame and an 8 mm glass 

plate and a lower mold made from a steel block. The cavity height is adjustable to any desired 

value between 1mm and 10 mm by use of spacer plates made from thickness gauge strips. The 

mold is closed with two hydraulic pistons attached to a manual pump to build up a closing 

pressure of up to 100 bar. The maximum closing force and the high stiffness of the test rig 

result in a maximum deflection of less than 0.05 mm (mechanical simulation and measurement). 

These features allow for an exact definition of the cavity height.  

In addition, the cavity height is measured after the experiment with the help of wax pellets, 

which are placed along the sides of the textile. The pellets are compacted to the cavity height 

by plastic deformation when the mold is closed. For linear-flow experiments, the sides of the 
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textile are sealed with a hardening fluid to prevent race tracking without causing distortion of 

the textile. Pressure and temperature data are recorded with sensors located closely to the textile 

edges at both, the inlet and the outlet for linear-flow experiments, and at the inlet only for 

radial-flow experiments. Besides, the test rig is also equipped with heating elements from 

HORN GmbH, the measurement could be carried out also with special high-viscous fluids (NP-

filled epoxy etc.) up to 120°C, with an accuracy of ± 2°C.  
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Figure 3.20: Permeability testing rig (left) and functional illustration (right)  

A proprietary pressure and temperature recording software and an in-house Matlab script are 

used to conduct the experiment. The Matlab script provides a graphical user interface to 

conduct the experiment. It sets the injection pressure (0.5-6 bar) and tracks the flow front by 

taking photos with a resolution of 2560 × 1920 pixels and up to 3/fps. The Matlab script also 

features an algorithm to detect the flow front on-line by using difference images, as shown in 

the Figure 3.21. Special data evaluation and calculation algorithms are incorporated in the 

Matlab script considering the flow and filtration behavior of the NP-filled fluids.  

   

   
Figure 3.21: Example image of a 1D linear flow (top) and 2D radial-flow(bottom) experiment and evaluation 

steps of the digital image processing algorithm (left to right) 
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3.2.3.5 Experimental design for permeability: Design of experiment (DoE) methods 

In real applications, the textile will be injected with resin, besides the FVF, the other resin and 

process parameters, including viscosity (temperature) and pressure might affect the dominating 

dual-scale flow behavior and the measured permeability values. Due to the particle retention 

during the injection, the permeability could be further influenced by the NP concentration. 

Therefore, the maximum flow length and filtration factor are important parameters which are 

critical for injection process and design of injection strategies. Besides the factors above, NP 

concentration could also influence or determine the response values. The traditional ways of 

single variable experimental investigation are time-consuming and cost intensive. In order to 

investigate and find out the relationship between the factors, responses and runs, cost-effective 

statistical DoE methods could be applied. There are quite a lot of different methods that are 

applicable based on factor numbers and levels and target. An overview of different methods 

and selection guideline is provided in the below Table 3.1. 

Comparative objective is preferable when there is one or several factors under investigation, 

but the primary goal of the experiment is to find a conclusion about one a-priori key factor, (in 

the presence of, and/or in spite of the existence of the other factors), and the question of interest 

is whether or not that factor is "significant", (i.e., whether or not there is a significant change 

in the response for different levels of that factor). Screening objective/method is used to select 

or screen out the few important main effects from the many less important ones. These 

screening designs are also termed as main effects designs. Response Surface (method) 

objective is used to estimate interaction and even quadratic effects, and therefore providing an 

idea of the (local) shape of the response surface that are being investigated. For this reason, 

they are termed response surface method (RSM) designs. RSM designs are used to: find 

improved or optimal process settings; troubleshoot process problems and weak points; make a 

product or process more robust against external and non-controllable influences [153]. 

Table 3.1: DoE methods and application 

            DoE methods 

 

Number of factors 

Comparative 

Objective 

Screening 

Objective 

Response Surface 

Objective 

1 1-factor completely 

randomized design 

- - 

2-4 Randomized block 

design 

Full or fractional 

factorial 

Central composite or 

Box-Behnken 

5 or more Randomized block 

design 

Fractional factorial or 

Plackett-Burman 

Screen first to reduce 

number of factors 

Two DoE studies based on the response surface method are conducted: firstly, the permeability 

by neat epoxy without particle as a response, to investigate the effect of FVF, temperature and 

pressure parameters to the permeability value, as shown in Table 3.2; Secondly, the maximum 

flow length and filtration factor with particle-filled suspension as response, to further 
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investigate effect of FVF, NP concentration, temperature and pressure to the flow and filtration 

behavior, as shown in Table 3.3.  

The critical factors and their levels are listed below. In order to prevent the evaluation errors 

due to the deviation in the parameters, the actual measured average values of FVF, temperature 

and pressure are used for the evaluations. Particle concentration is restricted up to 5 wt% as 

explained earlier. Other parameters, temperature and pressure, is selected considering the 

viscosity and commonly used industrial parameters in RTM processes. 

Table 3.2: Critical factors and their levels by experimental design for permeability (pure epoxy fluid) 

Factors Level Response 

1 2 3 

Permeability 
FVF (%) 45 55 65 

Temperature (°C) 60 80 100 

Pressure (bar) 1 2 3 

 

Table 3.3: Critical factors and their levels by experimental design for flow length study (NP-epoxy suspension) 

Factors Level Response 

1 2 3 

Flow length & decay 

factor 

FVF (%) 50 55 60 

NP (wt%) 0 2.5 5 

Temperature (°C) 60 80 100 

Pressure (bar) 1 2 3 

Considering the factors and their possible interactions with each other, a response surface 

method with 2nd interaction and 2nd power effects is selected for experimental design, as shown 

in Table 3.4.  

Table 3.4: Experimental design using the RSM method with interaction and power effects (NP-epoxy 

suspension) 

Exp. 

No. FVF % 

NP 

Wt% 

Temperature  

(°C) 

Pressure  

(bar) Response 
Fit Model 

 1 60 5 100 3  
Effects( 

  :FVF %, 

  :FVF % * :FVF %, 

  :NP Wt%, 

  :NP Wt% * :NP Wt%, 

  :Temperature, 

  :Temperature * :Temperature, 

  :Pressure, 

  :Pressure * :Pressure, 

 

 

:FVF % * :NP Wt%, 

  :FVF % * :Temperature, 

  :FVF % * :Pressure, 

  :NP Wt% * :Temperature, 

  :NP Wt% * :Pressure, 

  :Temperature * :Pressure 

 ), 

Single & quadratic 

effects 

2 60 0 60 3  

3 50 0 100 1  

4 60 5 60 3  

5 60 5 60 1  

6 55 0 60 1  

7 60 0 100 2  

8 55 2.5 80 2  

9 50 5 100 1  

10 60 5 100 1  

Second order 

interactions 

11 60 0 80 1  

12 50 5 60 1  

13 50 5 100 3  

14 50 5 60 3  

15 55 0 100 3  

16 50 0 60 2  

17 50 0 80 3  Y( :Permeability ) 
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3.3 Methodology for key aspect II: Process 

development and simulation  

3.3.1 Nanoparticle systems flow and retention behavior 

A special RTM-tool is developed which enables the extraction of fluid samples directly during 

the injection and observation of flow fronts. Injection experiments are carried out with different 

FVF and fiber directions. Considering the possible effects of hardeners to the particle 

dispersion and re-agglomeration behavior, experiments are carried out by diluted NP-epoxy 

suspensions without hardeners. NP-epoxy fluid samples are taken out directly from the RTM 

tool by different flow length and time, as shown in the Figure 3.22, and the particle 

concentration is measured by Thermal Gravimetric Analysis (TGA). In addition, considering 

that, the FVF is quite critical for the flow and retention of the particles, the cavity height is 

checked after the experiment with the help of wax pellets, which are placed along the sides of 

the textile.  

  

Figure 3.22: Custom-developed RTM tool for NP flow and retention investigation 



3 Materials and methodologies 

64 

 

3.3.2 Flow simulation  

As mentioned in the literature review, if the particles could be filtered during the flow, it leads 

to a change of the fluid density and textile porosity. By separately considering the liquid and 

particle phases, it is possible to develop the governing mass balance equation for the liquid and 

NP phase, in a FCV as shown in the following Figure 3.23. 

Finite Control Volume (FCV) Ω 

with porosity ɛ  

Gas/air 
phase

Liquid/resin 
phase

Flow/saturation 
front

Solid/fiber 
phase

Flow in Flow out

FCV boundary ∂Ω 

NP suspensed 
in matrix

NP retention 
in preform

 
Figure 3.23: Illustration of a NP-filled matrix flow in FCV by a porous media 

3.3.2.1 Flow sub-model 

For the neat resin matrix, without NPs, the mass balance equation can be derived as follows, 

Considering the liquid density is to be constant and a full saturation, the equation simplifies to 

be as following, 

For the NPs, the mass balance equation can be derived as follows, 

Considering that the density of the particle is constant, and the change in the porosity regarding 

the NP retention can by described as 𝜀 =  𝜀0- σ, which results in ∂𝜀/∂t = -∂σ/∂t, therefore, the 

above equation could be rewritten as, 

𝜕[𝜌𝑙𝑆𝑙𝜀(1 − 𝐶)]

𝜕𝑡
+ 𝛻 ∙ [𝜌𝑙𝑣𝑙𝜀(1 − 𝐶)] = 0 where 

ρl: liquid/air density 

Sl: liquid saturation term 

𝜀: porosity 

C: concentration of NP in 

matrix 

vl: liquid velocity 

Eq. 3.19 

𝜕[𝜀(1 − 𝐶)]

𝜕𝑡
+ 𝛻 ∙ [𝑣𝑙𝜀(1 − 𝐶)] = 0   Eq. 3.20 

𝜕(𝜌𝑝𝜀𝐶)

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑝𝑣𝑝𝜀𝐶) = −

𝜕(𝜌𝑝𝜎)

𝜕𝑡
 where 

ρp: particle density 

𝜀 : porosity 

vp: particle velocity 

σ: NP retention 

Eq. 3.21 
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Combining the equation Eq. 3.20 and Eq. 3.22, the following equation and be derived, 

Assuming that by the flow of NPs, the velocity of the liquid and particle is the same, vl = vp, 

the equation results in a simple form of continuity equation for suspension as follows, 

Therefore, the flow behavior of the suspension can be described by the simple continuity 

equation as shown in Eq. 3.24 and the Darcy law as in Eq. 2.8. 

3.3.2.2 Retention sub-model 

The mass balance equation as written in Eq. 3.21 for NPs can be further simplified as following: 

The retention kinetic of the NPs is described to be proportional to the volumetric flux, i.e. UC, 

of the suspended particles by a retention coefficient as follows [119, 154, 155]: 

3.3.2.3 Material models 

3.3.2.3.1 Filter permeability  

Regarding the permeability, it is obvious that the filtrated NPs can build up a second porous 

media that changes the porosity of the fiber preform and overall permeability. It is possible to 

consider that, the total permeability is a coupled interaction of the textile permeability and the 

permeability of the second porous media that is created due to the retention of the NPs. 

Therein, the fiber textile permeability Kf is a constant, but the filtrated NP permeability KNP is 

dependent on the filtrated NPs. The permeability of the filtrated NPs can be described and 

modeled by Kozeny-Carman (KC) equation [99, 156] 

−
𝜕[𝜀(1 − 𝐶)]

𝜕𝑡
+ 𝛻 ∙ (𝑣𝑝𝜀𝐶) = 0   Eq. 3.22 

𝛻 ∙ [𝑣𝑙𝜀(1 − 𝐶)] + 𝛻 ∙ (𝑣𝑝𝜀𝐶) = 0   Eq. 3.23 

𝛻 ∙ (𝑣𝜀) = 0 

 

or 

 

𝛻 ∙ (𝑈) = 0 

where 

v: apparent velocity 

𝜀: porosity 

U: darcy velocity 

Eq. 3.24 

𝜕(𝜀𝐶 + 𝜎)

𝜕𝑡
+ 𝑈

𝜕𝐶

𝜕𝑥
= 0   Eq. 3.25 

𝜕𝜎

𝜕𝑡
= 𝑟𝑈𝐶 where r: retention coefficient Eq. 3.26 

1

𝐾𝑡𝑜𝑡𝑎𝑙
=

1

𝐾𝑓
+

1

𝐾𝑁𝑃
 where 

Ktotal: total permeability 

Kf: fiber textile 

permeability 

KNP: filtrated NP 

permeability 

Eq. 3.27 

𝐾 =
𝜀𝑁𝑃

3

36𝑘(1 − 𝜀𝑁𝑃
2 )

𝑑2 where 

k: KC constant 

𝜀NP: deposit porosity 

d: average diameter 

Eq. 3.28 



3 Materials and methodologies 

66 

 

The KC constant is dependent on the geometry and porosity of the media. For a well-defined 

media, it can be determined by numeric or experimental methods. According to the literature 

review [119, 121, 156], for spherical/granular media with a porosity around 0.5, the values is 

about 5. The deposit porosity is directly related to the retention of the NPs, and can be written 

as 𝜀NP=1-σ. For a well-defined porous media, the average diameter is easy to determine. 

Nevertheless, the filtrated NPs are an unknown media that changes due to time and 

position. Considering the challenge to characterize the average diameter of the filtrated 

NPs by experiment, a reverse calculation is carried out based on a flow experiment to 

determine the average diameter from the simulation.  

3.3.2.3.2 NP-epoxy suspension viscosity 

The modeling of the viscosity of reactive NP-filled matrix is already discussed earlier in 3.2.2.4 

Rheology modeling. Regarding the possible influence of the cure reaction on the particle-

particle and particle-matrix interaction with the increased reagglomeration effects during the 

injection, as the first step a non-reactive NP-epoxy matrix without hardener is considered, so 

that only the interaction between the flow and retention based on the masterbatch dispersion 

quality is to be considered. This simplification helps to evaluate the model quality and 

numerical methods more accurately. Several different models are proposed and applied to 

model the viscosity of the non-reactive NP-epoxy matrix [119-121], among which the model 

as follows is selected for the modeling [117, 157], 

3.3.2.4 Numerical implementation 

The flow and retention behaviors of the nanosuspension are coupled by the viscosity of the 

matrix and the permeability of the textile, as shown in the following Figure 3.24. 

𝜂 = 𝜂0(1 −
𝐶

𝐴
)−2 where 

𝜂0: viscosity of polymer 

A: empirical constant 
Eq. 3.29 

 
Figure 3.24: Flow and retention coupling during the impregnation process  
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The flow front tracking is achieved by an extra level-set model that is coupled to the flow and 

retention models. In standard level set methods, the level-set function Φsd is defined to be a 

signed distance function from the interface 𝜞, by a volume 𝛀: 

The level set function is positive on one side of the interface, zero at the interface and negative 

at the other side of the interface. 

In addition, in order to represent the density and viscosity discontinuities over the interface, an 

extra Heaviside function is to be defined from 0 to 1. In numerical simulations, the abrupt jump 

in the fields from 0 to 1 will cause instabilities, therefore a smeared-out Heaviside function is 

mostly applied, as follows: 

Where, 𝜀𝑙𝑠 corresponds to half the thickness of the interface. 

If the smeared-out Heaviside function is directly defined as a new level set function𝛷 =

𝐻𝑠𝑚(𝛷𝑠𝑑), it is not necessary to calculate Hsm from Φsd and the new level set function 𝛷 can 

be directly used to represent the changes and transition between the two different phases by the 

scalar field of the new level set function: 

The application of the new level-set function is also known as conservative methods [158, 159], 

and it defines the interface between the two sum-domains: impregnated region and dry region 

– filled with air. By the interface transition from wetted to dry region, the level-set function 

value 𝛷 changes from 1 to 0.  

The advection of the level-set parameter is governed by a transport equation based on the flow 

velocity of the matrix. So, the tracking of the flow front can be achieved by tracking the level-

set function value of 𝛷 = 0.5. For further information regarding the level-set methods and its 

implementation, the readers are redirected to the following literatures [160-162]. 

There are varieties of different software tools available to simulate the mold filling during a 

LCM process, including commercial PAM-RTM and RTM-Worx tools [163] that are specially 

tailored to simulate RTM processes. Besides, there are also certain CFD packages, e.g. Ansys 

𝛷𝑠𝑑(𝑥, 𝑡) = 𝑑(�⃗�) = 𝑚𝑖𝑛
𝑥∈𝛤

(|�⃗� − 𝑥𝛤⃗⃗⃗⃗⃗|)   Eq. 3.30 

𝛷𝑠𝑑(𝑥, 𝑡) = {
−𝑑(𝑥, 𝑡)             
0                       

+𝑑 (𝑥, 𝑡)           
 

𝑥 ∈ 𝛺− 

𝑥 ∈  𝛤 

𝑥 ∈ 𝛺+ 

Eq. 3.31 

𝐻𝑠𝑚(𝛷𝑠𝑑) {

0 
1

2
1

+
𝛷𝑠𝑑

2𝜀𝑙𝑠
+

1

2𝜋
𝑠𝑖𝑛 (

𝜋𝛷𝑠𝑑

𝜀𝑙𝑠
) 

𝛷𝑠𝑑 < −𝜀𝑙𝑠 

−𝜀𝑙𝑠 ≤ 𝛷𝑠𝑑 ≤ 𝜀𝑙𝑠 

𝛷𝑠𝑑 > 𝜀𝑙𝑠 

Eq. 3.32 

𝜌 = 𝜌𝑎𝑖𝑟 +  �̅�(𝜌𝑙𝑖𝑞𝑢𝑖𝑑  − 𝜌𝑎𝑖𝑟) 

𝜂 = 𝜂𝑎𝑖𝑟 +  �̅�(𝜂𝑙𝑖𝑞𝑢𝑖𝑑 − 𝜂𝑎𝑖𝑟) 
where 

�̅�: scalar of level-set 

function 
Eq. 3.33 

𝜕𝛷

𝜕𝑡
+ 𝑈 ∙ 𝛻𝛷 = 𝛾𝛻 ∙ (𝜀𝑙𝑠𝛻𝛷 − 𝛷(1 − 𝛷)

𝛻𝛷

|𝛻𝛷|
) where 

𝜀𝑙𝑠: interface thickness 

parameter 

γ: reinitialization 

parameter 

Eq. 3.34 
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Fluent/CFX or Comsol Multiphysics etc. There are also plenty of development in the 

simulation methods or tool and some of them are made public free of access, for instance 

OpenFOAM [164], MyRTM [165, 166] etc. Some information about the tools and comparison 

between OpenFOAM and PAM-RTM tools for simulation of the RTM process can be found 

here [113]. The flow simulation in this work is carried out by the FEM-software Comsol 

Multiphysics, due to the flexibility especially regarding multi-physical coupling applications. 

3.3.3 Cure simulation 

The cure simulation is based on a complex synergistic consideration of coupled thermal, 

chemical and flow effects during the injection. Considering the slow reaction rate during the 

injection, the following assumptions are reasonably supposed: 

 The injection process is finished. 

 The whole textile is filled completely with resin, without any porosity. 

 The length of the laminate is much bigger than the thickness and width, so the heat 

transfer in the length direction could be neglected. 

 The thermal transfer due to the convection and radiation is much smaller than the 

conduction, so could be neglected. 

If an infinite small control volume is considered, as shown in Figure 3.25, the energy that is 

transferred into the volume plus the energy generated in the volume (due to the chemical 

exothermic reaction) is equal to the energy stored plus the energy that is transferred out from 

the volume. The general heat conduction could be described as 

𝐸𝑖𝑛 + 𝐸𝑔 = ∆𝐸𝑠𝑡 + 𝐸𝑜𝑢𝑡 where 

Ein: income energy 

Eg: generated energy 

ΔEst: stored energy 

Eout: outcome energy 

Eq. 3.35 

Which could be re-written as follows, 

Eg, EstEin Eout

 
Figure 3.25: Control volume element for heat conduction 

𝛻(𝜆𝛻𝑇) + �̇� =
𝜕(𝜌𝐶𝑝𝑇)

𝜕𝑡
 

 

where 

λ: heat conductivity 

𝑄:̇  generated heat due to 

the reaction 

Cp: specific heat capacity 

Eq. 3.36 
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Therefore, each of the material parameters above needs to be characterized. The measurement 

of heat conductivity and heat capacity is described in 3.2.2.2.2. The generated heat due to 

reaction �̇� is calculated according to the cure kinetics model.  

Because all the critical material parameters and the generated heat by the reaction are dependent 

on the material composition, so that these parameters are not just dependent on time and 

temperature, as well as NP concentration. The cure simulation for such a gradient NP 

distributed FRP is quite complex regarding the material properties and numerical 

implementation. Therefore, the cure simulations are carried out on the presumption that the 

particle distribution in the whole laminate is homogenous, by which the critical cure and 

temperature development states within the laminate are compared depending on the particle 

concentrations. This is a reasonable simplification as by this method the extreme cases – from 

no NP to the maximum concentrations of NPs – are still being considered. The cases by the 

gradient NP distributed FRP structure is assumed to be within the range of the extreme cases. 

Based on these assumptions, the cure simulation is carried out by the FEM-software Comsol 

Multiphysics. 
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3.4 Methodology for key aspect III: Property 

characterization and concept evaluation 

3.4.1 Mechanical properties 

For the mechanical properties, mainly the matrix-dominated properties – interlaminar fracture 

toughness (GIC, GIIC), three-point-bending (transverse to fiber direction) and interlaminar shear 

strength (ILSS) tests – are considered.  

3.4.1.1 Interlaminar fracture toughness 

Interlaminar fracture is a critical failure mode for laminated composite structures, which occurs 

due to high out-of-plane loads where no fibers are present to resist loading. Delamination can 

occur due to tensile (mode I, GIC), shear load condition (mode II, GIIC), or a combination of the 

both (mode III, GIIIC). In this work, the interlaminar fracture toughness of functional FRPs is 

investigated under mode I and mode II deformation. The tests are conducted according to the 

Airbus Industry Test Methods (AITM) “AITM 1-0005 / EN 6033  Fibre reinforced plastics - 

Determination of interlaminar fracture toughness energy - Mode I – GIC [167]” and “AITM 1-

0006 / EN 6034 Fibre reinforced plastics - Determination of interlaminar fracture toughness 

energy - Mode II - GIIC [168]”. 

The related testing specimens and procedure and the results evaluation involved in the two 

deformation modes are hereby described as follows: Double Cantilever Beam (DCB) specimen 
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and End Notch Flexure (ENF) specimen are employed for interlaminar fracture under mode I 

and mode II deformation, respectively. The specifications and dimensions of the DCB and ENF 

specimens are shown in Figure 3.26 and Figure 3.27. The initial crack length of 25 mm formed 

in the middle plane of the laminate is made by inserting a teflon film with a thickness of 25 µm 

into the stacking process of the laminate. Furthermore, the DCB samples are preloaded to 

introduce a further crack of about 15 mm to exclude the influence of the teflon film and other 

adhesive on the measurement. A universal material-testing machine ZWICK is applied for the 

DCB and ENF test with a load cell of 2.5 KN to measure the applied load.  
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Figure 3.26: Schematic illustration of DCB 

specimens for GIC test 

Figure 3.27: Schematic illustration of ENF specimens 

for GIIC test 

The fracture surface after fracture tests is analyzed by high-resolution SEM to investigate the 

fracture mechanism of crack propagation in the functional FRPs. Samples are cut from the 

fracture surface in size of 10 mm × 5 mm. After cleaning with pressurized air, the samples are 

mounted on aluminum stubs. The fracture surfaces of the samples are then sputter coated with 

a thin layer of platinum (Pt) to avoid electrical charging.  

3.4.1.2 Three-Point-Bending 

The bending properties of the multi-scale FRPs are measured by three-point-bending. The test 

samples are prepared transverse to fiber direction. The test is conducted according to the 

standard DIN EN ISO 14125 [169]: “Fibre-reinforced plastic composites: Determination of 

flexural properties”. The tests are carried out with a velocity of 1 mm/min. 

3.4.1.3 Interlaminar shear strength (ILSS) 

The ILSS of the FRPs is also an important aspect, as there is no effective reinforcement in the 

thickness direction. Therefore, the ILSS properties of the multi-scale FRPs are tested by a 

short-beam-shear test according to DIN EN ISO 14130 [170]: “Fibre-reinforced plastic 

composites -- Determination of apparent interlaminar shear strength by short-beam method”. 

The tests are carried out with a velocity of 1 mm/min. 
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3.4.2 Thermal-mechanical properties 

3.4.2.1 Thermal conductivity 

The thermal conductivity of the cured NP-epoxy and CFRP samples with different NPs are 

measured by a Hot-Disk-method by TCA-Netzsch, from 30 – 180 °C. 

3.4.2.2 Dynamic thermal-mechanical properties  

The dynamic thermal-mechanical analysis (DTMA) is also simply called as dynamic 

mechanical analysis (DMA). DTMA measurements are performed on DMA Q800 device from 

TA Instrument. Experiments are run with samples that have a size of about 35 mm × 10 mm × 

3 mm (single cantilever). The aim of the measurements is to study the effect of the NPs on the 

dynamic mechanical properties of functional FRPs. The samples are subjected to a temperature 

scan from 30 °C to 180 °C with a ramp of 2 °C /min. A fixed strain of 10 µm and frequency of 

1 Hz are used in the measurement. 

3.4.3 Electrical properties 

The surface and the through-thickness volume resistivity measurements are conducted with the 

Keithley 6517A electrometer and Keithley 8009 resistivity test fixture. The test conforms to 

the ASTM D-257 standard [171]: “Standard Test Methods for DC Resistance or Conductance 

of Insulating Materials”. The basic setup and parameters for the surface and through-thickness 

volume resistivity measurement is shown in Figure 3.28.  

  
Figure 3.28: Principle of surface (left) and volume (right) resistivity measurement setup 

The surface resistivity is measured from the ring electrode to the guarded electrode along the 

lower surface of the sample. The through-thickness volume resistivity is measured from the 

top electrode to the guarded electrode through the thickness of the sample. The electrodes in 

the 8009 resistivity test fixture are covered with conductive rubber to reduce the contact 

resistance by a better surface contact with the rigid sample. For each sample, five 

measurements are conducted with a constant voltage of 100V and electrification time of 60 s. 
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4 Key aspect I: Material 

characterization and modeling 
The focus of this chapter is to discuss the results regarding the key aspect I: material 

characterization and modeling. The critical aspects and their interactions among the three 

basic components – NP, epoxy matrix and fiber reinforcement, as shown in the figure below 

are investigated. Furthermore, the cure kinetics, rheology of the NP-epoxy matrix as well as 

the permeability of the fiber preform considering the NP retention behavior are modeled. 
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4.1 Nanoparticle-epoxy matrix 
4.1.1 Cure characterization and modeling 

4.1.1.1 Dynamic DSC 

Dynamic DSC studies are carried out to characterize the dynamic cure, total reaction enthalpy 

and Tg. As the first step, pure resin system is investigated with 1, 2, 3, 5, 10 K/min. Considering 

that the DSC tests are rather reproducible, therefore the total enthalpy of the subsequent 

boehmite NP filled epoxy matrix systems are determined by the average values by two different 

heating rate DSC tests: 2 K/min and 10 K/min. The glass transition temperature of other 

mixtures is measured with the heating rate of 10 K/min, as shown in the following Table 4.1.  

As the total enthalpy is dependent on the unit mass of the sample, with the increase of the 

boehmite NP concentration, the proportion of the reactive resin and curing agent will be 

decreased, which could inevitably lead to the decrease of the total enthalpy. Therefore, the total 

enthalpy is normalized by the by subtracting the weight concentration of the boehmite NP on 

the enthalpy.  

Table 4.1: Total reaction enthalpy and Tg by different mixtures 

Mixture Average enthalpy 

(J/g) 

 

Normalized average 

enthalpy (J/g) 

Tg0 (°C): 

uncured sample 

Tg (°C):  

cured sample 

0% (Pure resin)  354.4 ± 3.9 354.4 ± 3.9 - 37.99 ± 0.08 136.32 ± 3.48 

KE wt5% 313.4 ± 3.65 329.8 ± 3.84 - 35.99 ± 1.13 127.18 ± 0.89 

KE wt10% 293.4 ± 1.65 325.9 ± 1.83 - 34.87 ± 1.71 121.83 ± 4.61 

KE wt15% 266.3 ± 1.2 313.3 ± 1.41 - 34.43 ± 0.74 118.68 ± 0.17 

According to the normalized average enthalpy, it could be seen that there is a gradual decrease 

in the total enthalpy. The glass transition temperature before the reaction – Tg0 – showed a 

slight increase, which is presumably because that the increased amount of boehmite NPs could 

restrict the mobility of the epoxy molecules, so that a higher energy is needed for the glass 

transition. Conversely, the glass transition temperature after the full reaction – Tg – showed a 

remarkable decrease, indicating a reduced crosslinking density of the epoxy chains due to the 

NPs.  

Figure 4.1 shows the normalized heat flow for different mixtures by the dynamic DSC process 

(10 K/min). It could be seen that the reaction peak-position temperature is almost the same, 

indicating no substantial influence of the boehmite NPs on the dynamic reaction behavior. At 

the same time, dynamic DSC investigations on just boehmite-epoxy suspensions (without any 

curing agent) as in the Figure 4.2 showed a remarkable reaction peak by the first heating cycle 

and a shift at the glass transition temperature at the second heating (heat-cool-heat). This shows 

a clear reactivity of the boehmite NP with the epoxy, even without curing agent. Therefore, it 

is reasonable to assume that the reactivity of the epoxy with boehmite NP is much smaller than 
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that with the curing agent, which is why there is not any remarkable change in the curing 

reaction peak in the dynamic curing. The influence of the boehmite NPs will be further 

analyzed and discussed later combining the cure kinetics. 

  
 

Figure 4.1: Normalized heat flow for for KE-

suspension by dynamic DSC 

Figure 4.2: Dynamic DSC measurement on 15wt% 

boehmite-epoxy suspension without curing agent 

4.1.1.2 Estimation of kinetic parameters and their influence on model regression 

analysis 

As discussed in Chapter 3, the kinetic parameters are estimated by different methods that are 

described earlier: model-free (iso-conversional) and model-fitting methods. As model-free 

method, Friedman’s method is selected, as shown in Figure 4.3, and the devolution of 

activation energy is calculated as shown in Figure 4.4 . As model-fitting methods, Kissinger 

and Sestak-Berggren (S-K) methods are applied, as shown in Figure 4.5 and Figure 4.6. 

  

Figure 4.3: Friedman plot 
Figure 4.4: The overall activation energy vs. 

conversion by Friedman method 
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Figure 4.5: Kissinger plot Figure 4.6: Sestak-Berggren plot 

The following Table 4.2 shows the different start values that are calculated by the estimation 

methods described above. The start values within bracket are taken from the other methods or 

literature, as they could not be directly evaluated. Among them, as explained earlier, the 

estimation by Friedman and Kissinger methods are based on four variable heating rate DSC 

processes, while S-B method is based on four isothermal DSC processes. 

According to the model-free Friedman method, the change of activation energy E depending 

on the cure evolution is shown in the Figure 4.4. The changing activation energy as a function 

of cure degree indicates a multi-step reaction that could be well described by the selected 

Kamal-Sourour model. By the model evaluation, however, a changing activation energy as a 

function of cure degree makes the evaluation and kinetic model very complicated. If the 

average activation energy from Friedman’s method is compared to that from the Kissinger 

method, it could be seen that they are quite close to each other; therefore, the average value is 

used as start value. However, due to the lack of model estimation in Friedman’s method, it is 

not possible to evaluate pre-exponential factor A and reaction order m and n. In comparison, 

Kissinger and S-B methods provide an estimation of all the model triplets, by assuming a 1st 

order and autocatalytic reaction, separately.  

Table 4.2: Estimated kinetic parameter start values by different methods for neat epoxy matrix 

                                       Kinetic parameters 

Estimation methods 

A1/A2 (1/sec) E1/E2 (J/mol) m n 

Model-free: Friedman method - 

(from Kissinger) 

76793.6  

(Average) 
(0.5) (1) 

Model-fitting: Kissinger method 1.06E+05 70744.6 (0.5) (1) 

Model-fitting: S-B method 1.47E+07 72857.9 0.52 1.12 

It can be seen from the estimated values that, the estimated activation energy values from all 

the three methods are different, nevertheless similar in the same of orders of magnitude. 

However, the pre-exponential factor that is estimated from the Kissinger and S-B method 

deviates by two orders of magnitude. As the Kissinger method is based on 1st order reactions, 

for autocatalyzed thermosets like the target system in the thesis, the estimated pre-exponential 

factor may not be valid since the calculation of A is based on a 1st order reaction. A big deviation 

of the A value between the Kissinger and Prout–Tompkins autocatalytic model estimation was 
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reported by Hardis et al [57]. Therefore, the estimated A values from the heating rate DSC 

methods need to be considered quite critically. 

Considering that, the S-B method provides proper estimation of all the parameters directly by 

the isothermal DSC process, therefore, the kinetic parameters estimation of boehmite-filled 

epoxy suspensions are also carried out by the S-B method, as follows: 

Table 4.3: Estimated kinetic parameter start values S-B method for different mixtures 

                             Kinetic parameter 

Mixture 
A1 /A2 (1/sec) E2 /E1 (J/mol) m n 

0% (neat resin)  1.47E+07 72857.9 0.52 1.12 

KE 5wt%  6.86E+07 77481.4 0.57 1.07 

KE 10wt% 3.74E+07 76019.6 0.48 1.05 

KE 15wt% 2.46E+05 59419.3 0.63 1.12 

According to the estimated model parameters, both pre-exponential factor and activation 

energy parameters showed a generally decreasing trend, indicating an acceleration trend of the 

reaction, which will be further discussed later. In comparison, the reaction order m and n stayed 

around 0.5 and 1, separately. 

4.1.1.3 Cure modeling   

The final values for the model coefficients are determined by the regression analysis based on 

the non-linear least-square fitting of the cure curves – cure rate versus cure degree. It is, 

therefore, theoretically possible to develop the model values by regression analysis on just a 

single curing process. By analyzing several different curing curves separately – in this case 

four isothermal curing, it can be seen that the developed model can well predict each curing 

process separately as shown in the Figure 4.7 and Figure 4.8. However, it is inevitable that 

different model values from each curing curves could be developed as shown in the Table 4.4. 

This is because the regression analysis that based on non-linear least square fitting is an ill-

posed optimization that does not have a unique solution. The ill-posed problem regarding the 

least-square fit analysis is discussed mathematically by the study of Krämer et al [172], and 

similar phenomenon by the determination of cure kinetics model coefficients was also reported 

in other studies [59].  

Therefore, the model data that is separately developed by each curing process could not 

necessarily describe the curing behavior of the material by other temperatures, which leads to 

a curing temperature dependent model. This, on one side, makes the model quite complex, on 

the other side is logically suspicious even if mathematically right. In earlier studies, the average 

values from the developed data sets from each cure curves are taken as a general model [59]. 

However, the model based on the average value seems to predict the curing behavior poorly, 

as shown in the Figure 4.7 and Figure 4.8. It can be seen that, even if the model data by each 

separate regression analysis could quite well describe each curing behavior separately, but the 



4 Key aspect I: Material characterization and modeling 

78 

 

general model based on the average value seems to be rather poor. The developed model data 

by separate regression analysis and middle value is provided in the following Table 4.4. 

  
Figure 4.7: Cure rate vs. cure degree (Kamal-

Sourour model with diffusion, seperate regression) 

Figure 4.8: Cure degree vs. Time (Kamal-Sourour 

model without diffusion, seperate regression) 

 

Table 4.4: Cure kinetics model parameter by single-target regression analysis and their average values 

          Kinetic parameter 

 

Temperature (°C) 

A1 (1/sec) A2 (1/sec) E1 (J/mol) E2 (J/mol) m n 

100 6.61E+09 6.61E+09 98366.6  90298.3 1.00 1.58 

110 6.59E+09 6.62E+09 97434.7 91189.6 1.00 1.38 

120 6.58E+09 6.62E+09 98374.4  91706.4 1.00 1.44 

130 6.55E+09 6.63E+09 105095.8 91194.5 1.00 1.66 

Middle value 6.58E+09 6.62E+09 99817.9 91097.2 1.00 1.52 

In comparison to the single-target regression considering each curing curve separately, multiple 

target regression considers all the data from the different curing curves are simultaneously, by 

setting the quadratic deviations of the values in all curves as the optimization target to be 

minimized. Therefore, the regression analysis determines a set of model parameters that 

describes all the cure curves at the same time. Similar applications and examples regarding 

multi-curve simulation regression analysis could also be found in the following study [173]. 

By the multi-target simultaneous analysis, unique model parameters considering all the cure 

curves could be developed which could describe different curing behaviors at different 

temperatures, as shown in the following Figure 4.9 and Figure 4.10. The model parameters by 

the simultaneous regression are provided in the Table 4.5. 

  
Figure 4.9: Cure rate vs. cure degree (Kamal-Sourour 

model with diffusion, simultaneous regression) 

Figure 4.10: Cure degree vs. Time (Kamal-Sourour 

model without diffusion, simultaneous regression) 
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Based on the multi-target simultaneous regression analysis, the influence of the different 

starting values that are based on the model-free and model-fitting methods is investigated, as 

shown in the Table 4.5. The coefficient of determination (R2) helps to evaluate the regression 

quality, as it provides a measure of how well the model corresponds to the underlying 

experimental data. The closer the value of R2 is to 1, the better the fit can be considered. It 

could be seen that even if the quite different start and end values after regression, the R2 of the 

kinetic model seems rather good from all the estimations. This can be explained by the ill-

posed characteristic of the least-square fit analysis as already discussed where there could be 

different combinations of solutions based on the estimated start value, without a unique 

solution. 

Table 4.5: Cure kinetics model parameters by multiple-target regression analysis with different start values for 

neat epoxy matrix 

                 Kinetic parameter 

 

Estimation methods 

A1 (1/sec) A2 (1/sec) E1 (J/mol) E2 (J/mol) m n R2 

Friedman start parameters 1.00E+04 6.70E+06 90536.5 71076.1 0.43 0.93 0.995 

Kissinger start parameters 2.12E+05 6.14E+06 65281.9 70884.6 0.68 1.02 0.997 

S-B start parameters 1.99E+09 1.11E+06 93264.2 64411.6 1.00 1.26 0.997 

Diffusion factors 
αc: 100°C: 0.8978; 110°C: 0.9493; 120°C: 0.9568; 130°C: 0.9767;  

C: 100°C: 0.0189; 110°C: 0.0087; 120°C: 0.0176; 130°C: 0.0124; 

As discussed earlier, the vitrification effect that inevitably exists in the isothermal curing 

process – compared to the dynamic curing – exerts a dramatic restriction on bimolecular 

reactions, strongly reducing propagation probability of the free reactive groups and changing 

the reaction as diffusion controlled. The following Figure 4.11 shows the kinetic modeling by 

pure Kamal-Sourour model. It can be seen that the curing behavior at the beginning could be 

quite well described; however, the model begins to deviate from certain stages at the end. It is 

also obvious that the deviation is much bigger at lower curing temperature, for example, the 

100 °C curve in the figures.  

  
Figure 4.11: Cure degree vs. Time (Kamal-Sourour 

model without diffusion factor) 

Figure 4.12: Cure degree vs. Time (Kamal-Sourour 

model with diffusion factor) 

By regression analysis of the Kamal-Sourour model with Fournier’s model as diffusion factor, 

the parameters in the Kamal-Sourour model are analyzed simultaneously as shared parameters, 

Diffusion-controlled 
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while the factors in the diffusion factor are analyzed separately. It could be shown that the 

model could rather good describe the complete curing process, as shown in the Figure 4.12. 

The final developed model parameters for the resin system based on the model with S-B start 

value and simultaneous regression is provided in the Table 4.5. 

Moreover, it can also be shown that the curing behavior of boehmite NP modified epoxy 

matrix can also be well described by the modified Kamal-Sourour model with Fournier’s 

model as diffusion factor, as shown in Figure 4.13. Therefore, the boehmite NP-filled epoxy 

suspensions are also modeled with the same model based on the multi-target simultaneous 

regression analysis, and the model parameters are provided in the following table. 

  
Figure 4.13: 15 wt% boehmite-epoxy matrix cure kinetics modeling;  

left:cure rate vs. cure degree; right: cure degree vs. time 

Table 4.6: Model parameters by Kamal-Sourour model modified with diffusion factor for different mixtures 

             Kinetic parameter 

 

Mixture 

A1 (1/sec) A2 (1/sec) E1(J/mol) E2 (J/mol) m n R2 

0 wt% (Pure resin)  1.99E+09 1.11E+06 93264.2 64411.6 1.00 1.26 0.997 

KE 5wt% 1.96E+09 1.33E+06 93619.1 64435.1 1.00 1.21 0.998 

KE 10wt% 1.98E+09 1.49E+06 93262.2 57994.2 1.00 1.18 0.995 

KE 15wt% 1.05E+08 3.97E+06 83655.8 68785.4 1.00 1.17 0.992 

With the increase of the boehmite NPs, reaction orders m and n stayed around 1 and 1.2, 

indicating that the boehmite NPs don’t change the reaction mechanism dramatically. If the 

change of pre-exponential factor (A1, A2) and activation energy (E1, E2) is plotted against the 

NP concentration, as shown in the Figure 4.14, it can be shown that there is an apparent 

influence of the boehmite NPs on the model parameters. Nevertheless, it is not possible to 

determine a clear correlation of the model parameters with respect to the NP 

concentration. 
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Figure 4.14: Change of pre-exponential factor (A1, A2) and activation energy (E1, E2) regarding the NP 

concentration 

As explained earlier, the Kamal-Sourour model shows an ill-posed characteristic – it was not 

possible to develop a unique set of model parameters to describe the cure behavior based on 

the experimental data. This can well explain why it is not possible to determine a clear model 

parameter correlation regarding the influence of NPs. It seems that the selected Kamal-

Sourour model over describes the curing behavior and R2 may not suffice as the only 

criterion to characterize the quality of the model function where further investigations 

relating the parameter sensitivity and correlation would be necessary to be able to 

determine that influence of the NP on the model parameters.  

The Kamal-Sourour model, when the cure degree is set to zero, describes an initial cure rate at 

the very beginning which is determined by rate function K1 as follows, 

The rate function K1 describes secondary reactions that could be initiated by some side aspect, 

e.g., moisture, in certain systems, which is mostly the case for amine cured epoxy systems 

[174]. As the target system in this paper is an anhydride cured epoxy resin, by which the 

influence of moisture on the cure kinetics can be reasonably assumed much smaller than 

compared to the main reaction, so that the two parameters could be set to zero. However, from 

the numerical point of view, the Kamal-Sourour model describes only the dependency of cure 

rate to cure degree, in order to develop the dependency of cure degree to time, an integral 

calculation based on Euler method is applied. If the initial cure rate – K1 – is set to zero, it leads 

to a dead cycle by which the calculation could not be initiated. By combining the two aspects, 

it is reasonable to assume that the K1 is a number that satisfies: 0<K1<exp(-∞). Therefore, it 

can physically be considered as zero, nevertheless it is bigger than zero so that the integral 

calculation can be initiated. Based on the assumption, the model parameter could be determined 

new as follows, 
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Table 4.7: New model parameters by Kamal-Sourour model for different mixtures 

           Kinetic parameter 

 

Mixture 

A1 (1/sec) E1 (J/mol) A2 (1/sec) E2 (J/mol) m n R2 

0% (Pure resin)  2.20E-14 1.00E-10 6.30E+06 70272.35 0.45 1.10 0.99 

KE 5wt% 2.20E-14 1.00E-10 1.22E+06 64369.72 0.55 1.08 0.99 

KE 10wt% 2.20E-14 1.00E-10 6.51E+05 63000.98 0.42 1.03 0.99 

KE 15wt% 2.20E-14 1.00E-10 9.54E+04 56684.48 0.44 1.00 0.95 

According to the new model parameters, with the increase of the boehmite NPs, reaction orders 

m and n stayed around 0.5 and 1. The pre-exponential factor A1 and activation energy E1 that 

describes the initial cure rate could be kept constant at 2.20E-14 and 1.00E-10, respectively. 

The A2 and E2 showed a very good correlation – exponential and linear decrease – with respect 

to the NP concentration, as shown in the following Figure 4.15. 

 
Figure 4.15: Change of A2 and E2 regarding the NP concentration by the new 

modeling 

Based on the new modeling assumption and methods, the cure kinetics model for the NP-

epoxy matrix can be generalized against NP weight concentration (x wt%), to enable to 

describe and predict the change in the cure kinetics with respect to different NP 

concentrations. 

Table 4.8: Generalized Kamal-Sourour model parameters against NP concentration 

           Kinetic parameter 

 

 

A1 (1/sec) E1 (J/mol) A2 (1/sec) E2 (J/mol) m n 

Model parameters regarding 

NP concentration wt% (x) 
2.2E-14 1.00E-10 6E+6exp(-26.39x) -84265x+69902 0.47 1.05 

4.1.1.4 Kinetic model validation 

Considering the different start values depending on the model-free or model-fitting methods 

and the variability of regression algorithm as well as the ill-posdness of the regression analysis, 

which lead to different model values, it is important to prove that the developed model data 
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could predict all the curing behavior on different processes. Therefore, the model values that 

are developed by the multi-target non-linear regression analysis of isothermal curing curves 

are used to predict dynamic curing behavior and is validated by the dynamic curing data from 

dynamic DSC. 

  
Figure 4.16: Isothermal cure kinetic model validation 

by dynamic cure rate vs. temperature 

Figure 4.17: Isothermal cure kinetic model 

validation by dynamic cure vs. temperature 

According to the predicted curve and DSC test data, it can be shown that the model predicted 

curing degree versus temperature is in good agreement with that from the test data. This can 

prove that the quality and accuracy of the model is rather good so that it could also precisely 

predict the curing behavior under different processes. 

4.1.1.5 Influence of NP on the cure kinetics 

Based on the change of model parameters as discussed earlier, the activation energy and pre-

exponential factor showed a linear and exponential decrease with respect to the increase in NP 

concentrations – indicating an acceleration effect of the boehmite NPs. If the curing curve 

depending on the concentration of the boehmite NP is to be compared, as shown Figure 4.18 

below, it also seems that the boehmite NPs show a slight catalytic effect. Nevertheless, 

considering that the cure degree based on DSC heat flow is calculated regarding to the total 

enthalpy from the dynamic curing – based on the assumption that the material can be fully 

cured to achieve 100 % by dynamic heating. Nevertheless, it was shown earlier that with the 

increase of the boehmite concentration, the total enthalpy and final Tg of the matrix decreases 

– indicating a decreased total polymerization network density. Therefore, the comparison of 

the cure development that is based on DSC data is susceptible as the final state of 

polymerization is changing with increase of NPs.  

Except from the curing degree that is calculated by the reaction exothermy in DSC, Tg is also 

often used as an important criterion for characterizing the cure degree as it is more sensitive, 

especially at higher curing degree, to the polymerization network than the reaction exothermy 

as measured in DSC. According to the Figure 4.19 where the correlation between the Tg and 

cure degree is shown, it can be found that at the initial stage of curing, the Tg0 value is increasing 
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depending on the increase of boehmite concentration. As the reaction proceeds, the Tg also 

increases. It is obvious that, with the increase of boehmite NP concentration, the Tg of the 

nanosuspension also increases at the same cure degree up to a cure degree of about 0.8, 

indicating an increased network stability. This can be explained by the fact that as the boehmite 

NPs are also partly reactive, it inevitably accelerates the reaction resulting in a more stable 

structure at the beginning. However, after this crossing point at a cure degree of about 0.8, the 

Tg of the reference system becomes higher than that of nanosuspensions, indicating an 

inhibiting effect of the NP on the cure and thus a negative effect on Tg. The final Tg∞ value 

showed a reverse trend as it by the initial Tg0: the higher the particle concentration, the lower 

the final Tg∞, indicating a decreased network density of the particle-filled suspension compared 

to that by the reference system. 

 
Figure 4.18: Comparison of the curing behavior depending on boehmite concentration  

(isotherm 120 °C ) 
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λ= 0.416 0.471 0.500 0.595 

Figure 4.19: Tg versus cure depending on boehmite concentration 
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Some studies [49, 51] relating alumina and silica NPs reported an almost inert behavior of these 

particles – no big influence on the epoxy network formation and Tg, yet some others reporting 

an remarkable increase – up to 15 °C – in the Tg by an alumina-epoxy matrix [175]. The 

influence of the NPs to the Tg is closely related to the specific surface of the particles and 

surface functionality – the reactivity with the epoxy matrix. If the particles play a catalytic role 

participating in the epoxy reaction resulting a larger portion of immobilized polymer chain, an 

increase in the Tg is to be expected, or vice versa. The boehmite NP that is used in the study 

is proven by dynamic DSC studies to be reactive to the epoxy groups, presumably due to 

the excessive hydroxyl groups on the surface, which inevitably influences the reaction 

kinetics of the matrix. In addition, it could be shown a slight accelerating effect at the 

beginning until a certain cure degree that presumably due to the reactivity of the 

boehmite NPs with the epoxy, but after that an inhibiting effect on the cure reaction – 

probably due to the spatial hindrance by the NPs. Finally, the boehmite NPs lead to a 

decreased polymerization network density of the matrix. This assumption could be further 

validated later in Chapter 6 by the dynamic thermal-mechanical analysis of the NP modified 

FRP structures.  

Moreover, it is also found that the boehmite-epoxy suspension contains some little number of 

coarse particles or agglomerates with size of several microns, which also lead to a dramatic 

decreased specific surface and decreased crosslinking density. The coarse particles will be 

further discussed in the Chapter 5 combining the flow studies. 

4.1.2 Rheology characterization and modeling    

4.1.2.1 Rheology characterization 

According to the viscosity development versus temperature, as shown in the Figure 4.20, it 

could be seen that the optimal processing temperature for the suspensions are from 80 °C to 

120°C where the viscosity is below 0.1 Pa·s. As most of the LCM processes are based on 

isothermal process, 80 °C is selected to be more optimal considering the ideal viscosity and the 

processing time for the target matrix system. If the viscosity limit is considered to be 1 Pa·s – 

typical for standard LCM processes, the isothermal processing time for the pure resin system 

without particle is about 72 min, it decreased to about 52 min with 10 wt% and 42 min with 15 

wt% of the boehmite NPs. It is obvious that, with the increase of the NP concentration, the 

effective processing time is inevitably decreased by about 28 % by 10 wt% (4.5 vol%) and 40 % 

by 15 wt% (6.9 vol%) boehmite concentration. Similarly, Mahrholz et al [16] studied silica 

NPs with the same anhydride hardener and accelerator systems (100:90:0.5) and reported a 

decrease of about 15 % process time by 15 wt% (8.76 vol%). This decrease in the processing 

time exerts extra requirements and restrictions on the processing strategies and parameters 
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considering the decreased impregnation length, which would be further handled in the next 

chapter. 

  
Figure 4.20: Viscosity vs. Temperature (dynamic 

process)  

Figure 4.21: Viscosity vs. time (isotherm process, 

80 °C) 

4.1.2.2 Estimation of rheological model parameters 

Similar to the modeling of cure kinetics, the start values for the parameters of the viscosity 

model need to be firstly determined. As described in Chapter 3, initial values of Eη (activation 

energy for flow) and 𝜂∞(viscosity at T∞) could be obtained from dynamic viscosity plots of lnη 

versus 1/RT. As the equation only holds when the curing degree is zero, therefore, only 

viscosity data in the temperature range from 20 °C to 50 °C is considered, where the curing 

rate is very low to be presumed to be zero. This assumption could be also verified by the linear 

development of the curve as in Figure 4.22: 

  
Figure 4.22: Log viscosity vs. Temperature plot (pure 

resin) 

Figure 4.23: Oscillation viscosity test (isothermal 

100 °C, pure resin) 

Based on the fitting curve, the start values for the rheology model can be calculated. Besides 

these two parameters, the critical curing degree at the gel point is needed for the rheological 

model. The gel point is measured by oscillation method in rheometer, and is determined by the 

time where the storage modulus (G') exceeds the loss modulus (G''), as shown in the Figure 

4.23. Based on the cure kinetics and gel time, the gel conversion can be calculated. Similarly, 
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the start values and cure degree at gel point for the boehmite particle-filled reactive suspensions 

are calculated as follow: 

Table 4.9 : Estimated start kinetic parameters for rheological modeling by Castro-Macosko model 

             Kinetic parameter 

 

 

Mixture 

η∞ (Pa.s) Eη (J/mol) Gel convertion 

0% (neat resin)  1.1746E-05 28219.3 0.44 

KE 5wt% 7.89722E-06 29949.5 0.48 

KE 10wt% 5.38443E-06 31514.3 0.51 

KE 15wt% 3.29864E-06 33291.8 0.52 

4.1.2.3 Rheological modeling 

As indicated in the Castro-Macosko model, the development of the viscosity is dominated by 

the cure kinetics – the increased molecular size due to the curing. Therefore, the modeling of 

cure kinetics is necessary to predict the change of the curing degree regarding the temperature 

and time during the viscosity measurements, which is essential for the viscosity modeling. 

Furthermore, as it was shown by the modeling of cure kinetics, the multi-target regression 

algorithm delivers better model values with higher prediction quality. Therefore, the 

rheological modeling is conducted by multi-target regression analysis with the determined start 

parameter, based on four isothermal measurements. 

  
Figure 4.24: Rheological modeling with Castro-Macosko model  

(Left: neat epoxy matrix; Right: 15wt% boehmite –epoxy matrix) 

It can be seen that the rheological behavior of the system could be described by the model quite 

well. The boehmite NP-filled epoxy suspensions are also modeled with the same model, and 

the model parameters are provided in the following Table 4.10. 

Table 4.10 : Castro-Macosko model parameters for different mixtures 

  Model 

parameter 

 

Mixure 

η∞ (Pa.s) Eη (J/mol) A B 
Gel 

convertion 
R2 

0% (Pure resin) 5.87E-06 24294.76 –0.0758T+33.31 0.1029T–43.61 0.44 0.99 

KE 5wt% 3.95E-06 27679.17 –0.1042T+45.06 0.2801T–109.98 0.48 0.99 

KE 10wt% 2.69E-06 29698.02 –0.1385T+57.42 0.3102T–120.56 0.51 0.99 

KE 15wt% 4.95E-06 30055.32 0.0352T–6.32 –0.3942T+141.28 0.52 0.99 
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If the model parameters are plotted against the NP concentration, although there is an apparent 

influence of the boehmite NPs on the model parameters, but it is not possible to determine a 

clear correlation of the model parameters with respect to the NP concentration. This is 

presumably due to the ill-posed characteristics of the Castro-Macosko model, similar to 

the Kamal-Sourour model as described earlier. Therefore, further parameter analysis is 

carried out regarding the model parameters. 

  
Figure 4.25: Change of rheological model parameters regarding the NP concentration 

As already discussed earlier by the start parameter determination in Eq. 3.12, the start viscosity 

by zero cure degree is determined by the two parameters 𝜂∞  and Eη. Therefore, by the 

regression analysis for the rheological modeling, the Eη is controlled around the start parameter, 

so that only 𝜂∞ can be determined as a variable. Moreover, the influence of the parameter A, B 

and gel conversion on the curve development is shown in the Figure 4.26. It is obvious that, 

with the increase of A and B, the curve is steeper – indicating an increased viscosity 

development. In comparison, the gel conversion has the opposite influence – the smaller the 

gel conversion, the steeper the curve development. It is can be also noted that the curve 

development is more sensitive to the parameter A at the beginning, thereafter the parameters A 

and B affect similar on the curve development. Therefore, the parameter B is assumed to be 

zero, keeping only parameter A as a variable. 

  
Figure 4.26: Influence of model parameters on the curve development in Castro-Macosko model. 

Left: influence of A and B; Right: influence of gel conversion 
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The new modeling based on the parameter analysis also shows good prediction of the viscosity, 

as shown in the Figure 4.27. The small deviation by KE 15 wt% at higher temperatures is 

presumably due to the experimental error from the heating and stabilization phase by 

isothermal measurement at the beginning.  

  
Figure 4.27: New rheological modeling with Castro-Macosko model  

(Left: neat epoxy; Right: 15wt% boehmite –epoxy suspension) 

Moreover, by the new analysis, the activation energy for flow Eη shows a linear increase and 

the 𝜂∞ shows an exponential decrease with respect the NP concentration. By an isothermal 

temperature of 80 °C, the parameter A shows almost the same changing trend as to the gel 

conversion with respect to the NP concentration, Figure 4.28. The new model parameters are 

provided in Table 4.11. 

Table 4.11 : New Castro-Macosko model parameters for different mixtures 

  Model parameter 

 

Mixure 

η∞ (Pa.s) Eη (J/mol) A B Gel convertion R2 

0% (Pure resin) 1.18E-05 23759.97 –0.0578T+24.61 0 0.44 0.99 

KE 5wt% 7.86E-06 26391.56 –0.0525T+24.25 0 0.48 0.99 

KE 10wt% 5.36E-06 28391.56 –0.0907T+38.15 0 0.51 0.99 

KE 15wt% 3.32E-06 31308.58 –0.0287T+16.40 0 0.52 0.99 

  
Figure 4.28: Change of rheological model parameters regarding the NP concentration 

Based on the new analysis and modeling, it is now also possible to generalize the Castro-

Macosko model to predict the rheological behavior depending on the NP concentration, with 

the model parameters as shown in the following Table 4.12. 
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Table 4.12 : Generalized Castro-Macosko model parameters against NP concentration 

      Model parameters Model parameters regarding NP concentration wt% (x) 

η∞ (Pa.s) 1E-5exp(-8.386x) 

Eη (J/mol) 49292x+23766 

A (80 °C) –2.0999exp(-25.3165x)+6.2980 

Gel convertion –0.1021exp(-10.7991x)+0.5416 

 

4.2 Fiber preform 
4.2.1 Filament diameter distribution 

Three kinds of images with different resolutions are compared, in order to compare and find 

out the influence of resolution on filament recognition and statistic error due to sample size. 

With the increase of magnification factor, the filament profile is clearer, but the number of 

observable filaments, sample size, could also decrease remarkably, as shown in Table 4.13.  

Table 4.13: Laminate cross section images by different methods and resolutions. 
Method Magnification Original image Processed image 

OM 1000x 

  

OM 3000x 

  

SEM 5000x 

  

In Figure 4.29, the filament diameter distribution from the three different images are provided. 

For each characterization, at least three images are analyzed from each types, to get a 

systematic information. According to the data the average value of filament diameter is found 

to be 6.35 µm, 6.6 µm and 7.08 µm corresponding to the different magnifications: OM 1000x, 

OM 3000x and SEM 5000x. It’s obvious that SEM images provides the most accurate result, 
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whereas data from OM images are inaccurate because the boundary of CF by lower resolutions 

(OM images above) could not be clearly recognized and analyzed. Therefore, only the diameter 

from the SEM images are considered in the following calculations for local FVF and filament 

distance distribution. 

 
Figure 4.29: CF diameter distribution based on OM (1000x and 3000x) and SEM (5000x) 

4.2.2 Global/local fiber volume fraction  

Fiber volume fraction (FVF) is one of the dominating factors for the permeability of the fiber 

preform and the flow behavior of the fluid – especially for particle-filled systems. Therefore, 

it is quite important and critical to precisely determine the FVF. The theoretical FVF and 

measured FVF of epoxy/CF or GF textiles hybrid composites (fabricated by RTM process) are 

shown in Table 4.14. The change of global and local FVF is shown in the following Figure 

4.30 and Figure 4.31. 

  
Figure 4.30: Global FVF measured by different 

methods 

Figure 4.31: Local FVF measured by image 

processing method 

According to Figure 4.30, the global FVF value from the laminate thickness method fits well 

with the result form chemical method. In comparison, the global FVF value that is calculated 

by image processing method showed some deviations in certain laminate samples. This 

deviation is presumably because that the outline of CF roving could be hardly detected 

correctly due to the irregularities by image processing software as shown in Figure 3.10. 
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Nevertheless, the determination of the local FVF is only possible by the image processing 

method, as shown in the Figure 4.31.  

Table 4.14: Theoretical FVF vs. measured FVF in CF laminate 

Theor. 

FVF (%) 

Global-FVF in laminate (%) 
Local-FVF in roving 

(%) 

Roving volume 

fraction  (%) 

Method Method Method 

Laminate 

thickness 
Chemical Image Image Image 

CFRP CFRP 
CFRP 

(3000x) 

CFRP 

(1000x) 

CFRP 

(3000x) 

CFRP 

(1000x) 

CFRP 

(1000x) 

30 30.58 30.12  30.23 28.61  58.43 55.30  51.74 

40 43.21 42.83  42.82 38.84  61.94 56.18  69.13 

50 52.3 53.56  49.22 53.02  62.68 67.52  78.53 

55 56.46 56.79  54.28 57.02  57.14 60.01  95.02 

60 59.38 60.00  64.68 65.37  64.68 65.37  100 

70 65.28 65.76  66.35 67.65  66.35 67.65  100 

Interestingly, according to the result of local FVF, the local FVF is relative high even the global 

FVF is low: 58.43% (OM 3000x) by a global FVF of 30%. With the increase of compaction, 

until a global FVF of about 68%, the local FVF increased almost linearly to 67.65%. This 

comparatively much higher local FVF in the rovings indicate a high local compaction of the 

fibers within the roving and a much lower local permeability compared to that between the 

rovings. This difference in the local compaction of the fibers and permeability is expected to 

have a considerable influence on the dual-scale flow behavior and especially particle flow 

behavior with increased filtration within the rovings, which will be investigated later in more 

detail combining the permeability of the preform. 

4.2.3 Filament/Roving distance distribution  

To characterize the filament distance, nearest neighbour center distance (NNCD), neighbour 

distance (ND) and Ripley’s K function are combined with the filament diameter to get a full 

understanding and systematically distribution. It is clear that, similar to the filament diameter, 

the NNCD distribution also show a Gaussian distribution pattern, as shown in Figure 4.32. The 

mean value and standard deviation of the NNCD and filament diameter that are obtained from 

the Gaussian fitting are plotted in the Figure 4.33. As both the NNCD and filament diameter 

are not constant values but Gaussian distributed data, the NNCD is not directly subtracted with 

the mean value of the filament diameter considering the possible loss of systematical 

information. Both the NNCD and filament diameter distribution values with the standard 

deviation are illustrated. The distance between the NNCD and the filament lines can be 

considered as the smallest distance between the filaments. 
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Figure 4.32: NNCD distribution vs. FVF Figure 4.33: Change of NNCD vs. FVF 

According to the results, the average value NNCD is around 7.23 µm at FVF of 30%. It stays 

almost constant until FVF 50%, and begins to decrease remarkably until 7.09 µm by FVF 70%. 

Correspondingly, the smallest distance between the filaments (NNCD-diameter) decreased 

from 138 nm at FVF 30% to 4.26 nm by FVF 70%. Therefore, considering the change of 

smallest distance, the retention of the NPs could be quite critical after certain threshold 

compaction state, so that it is not to be underestimated. 

   
Figure 4.34: ND distribution vs. FVF  Figure 4.35: Fitting of ND distribution with three-

peak Gaussian function 

500 um

FVF 40% FVF 55% FVF 70%

500 um 500 um

 
Figure 4.36: Textile compression behavior and change in porous structure 

In contrast to the distribution pattern of the NNCD and filament diameter, the ND show a 

multimodal distribution characteristics, as shown in the Figure 4.34. Similar fluctuations in the 

fiber distribution density are also reported by Vaughan et al [83]. Interestingly, with the 
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increase of the FVF, the peak positions stay almost constant– showing only change in the 

relative frequency value. The distribution data is further fitted with a three-peak Gaussian 

equation, as shown in the Figure 4.35. The data analysis based on FVF 60% shows that the 

peaks lie around 0.55 µm, 4.91 µm and 13.96 µm, separately. With the increase of FVF, the 

relative frequency within the range of up to 5 µm showed a clear tendency to increase, while 

after that it begins to decrease. It is important here to note that, the filament distance considered 

here is just within the roving – regarding the local FVF. It seems that the distribution pattern 

of the filaments within the roving is dominated mostly by the pre-compaction during the 

roving/textile fabrication process, so the compaction during the impregnation process mostly 

influences the relative frequency of the peaks but not necessarily the pattern. 

The change of the NNCD with the increase of FVF can be better understood combining the 

compaction behavior of the textiles, as shown in the Figure 4.36. It can be seen that, at the 

beginning of the compaction, mostly textile layers and rovings are compressed. Therefore, in 

this case, the compression mostly affects the macro-pores between the layers and rovings. 

However, as the compaction force increases above a certain threshold, corresponding to about 

FVF 55% in this case, the macro-pores disappear and the filaments within the rovings are also 

stronger compressed to each other. This phenomenon could provide a valuable information 

indicating the critical phase transition of the porous structure in the textiles: by lower 

compaction and FVF, the textiles show a dual-scale porous structure, as shown in Figure 

4.36 (FVF 40%). With the increase of the compaction until FVF 55%, the macro-pores 

begin to decrease, so the porous structure of the textiles becomes more homogenous, 

resulting a quasi-single-scale porous structure, as shown in Figure 4.36 (FVF 55%). With 

further compression, the macro-pores totally vanish resulting at the end in a single-scale 

porous structure, as shown in Figure 4.36 (FVF 70%). 

This critical change could be further 

quantified by the changing of roving 

distance vs. FVF. Roving distances in 

thickness direction are determined as 

follows: the roving distance in thickness 

direction is measured at three evenly 

distributed locations (cross-section 

image of FVF 40% in the Figure 4.36 

left); finally, the sum length of segments 

at each location is correlated to the average fiber roving distance. According to the result as 

shown in Figure 4.37, the roving distance totally tends to zero by the FVF 55%. 

 
Figure 4.37: The sum of roving distance vs. FVF 
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It can be shown in the later study that the critical phase change in the textile porous structure 

has a significant influence on the flow and retention behavior of NP, which will be further 

investigated later in the chapter 5. 

4.2.4 Permeability: DoE studies  

4.2.4.1 Permeability based on silicon oil 

Oil is mostly used as the standard 

fluid for permeability 

measurements. It could be seen 

from the Figure 4.38 that the change 

of permeability versus FVF could be 

well described by an exponential 

function. However, the 

development of the permeability 

shows a remarkable change by FVF 

55%: after the critical FVF, the 

permeability showed larger drop. 

Combining the filament distance distribution results, as discussed earlier, the change in the 

changing trend may be assumed to be from the phase change in the textile structure: up to FVF 

55% the flow is macro flow dominated – due to the dual-scale porous structure, after then is 

micro-flow dominated due to the quasi-single-scale porous structure. 

4.2.4.2 Permeability based on pure epoxy: DoE studies 

Considering the dominating macro or micro flow during the impregnation, there could be some 

slight discrepancy between the real and apparent – to be measurable – flow front which leads 

to a deviation of the measured permeability from the real value. As could be seen earlier, there 

is a remarkable phase change in the porous structure of the textile structure depending on the 

compaction, which might lead to different dominating macro or micro flow impregnation 

mechanisms. In real applications where the textile will be injected with resin, the parameters, 

including FVF, temperature and pressure can have different influences on the flow behavior 

and the measured permeability values. Therefore, the influences of these parameters are 

investigated by the DoE method by the table shown as in Table 4.15. To prevent the evaluation 

errors due to the deviation in the parameters, the actual measured average values of FVF, 

temperature and pressure are used for the evaluations. 

 

 

 
Figure 4.38: Permeability vs. FVF (Silicone oil) 
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Table 4.15: DoE table for permeability studies by pure resin 

Exp. No. FVF  

Temperature  

(°C) 

Pressure  

(bar) 

Response 

(Permeability m2) 

 1 0.45 61.09 0.44 1.89E-10 

2 0.46 65.57 0.74 1.56E-10 

3 0.46 62.58 1.65 1.37E-10 

4 0.46 103.27 0.49 2.17E-10 

5 0.45 88.74 0.95 1.53E-10 

6 0.45 83.52 2.46 1.75E-10 

7 0.56 106.64 2.67 3.67E-11 

8 0.55 61.46 0.84 2.03E-11 

9 0.56 65.58 0.89 2.38E-11 

10 0.65 109.82 1.62 1.79E-12 

11 0.67 60.95 2.95 7.20E-12 

12 0.65 81.72 0.75 5.87E-12 

13 0.65 85.19 0.69 5.72E-12 

14 0.49 100.72 0.59 1.01E-10 

15 0.55 101.11 2.42 9.56E-11 

16 0.60 101.86 1.77 1.84E-11 

17 0.49 61.96 1.79 7.44E-11 

18 0.55 62.30 0.76 6.04E-11 

19 0.60 62.49 2.67 1.32E-11 

20 0.49 83.53 2.38 9.22E-11 

21 0.60 83.48 0.77 2.55E-11 

If the permeability values are shown just versus FVF, it could be seen that the average value 

of the permeability shows an exponential decrease depending on the increase of FVF, as shown 

in Figure 4.39 and Figure 4.40. Nevertheless, there are quite big deviations in the test data 

which makes it suspicious that the deviations may come from the dual-scale effects by different 

injection parameters. However, it also needs to be kept in mind that these deviations might be 

due to the influence the parameters – temperature and pressure – but also might due to the test 

deviation. In order to further investigate and differentiate these effect, the average absolute and 

relative deviations are calculated, which can be seen in Figure 4.41 and Figure 4.42. It can be 

seen that, both absolute and relative deviations didn’t show any clear trends to follow, by which 

it is assumable that the scattering of the data is probably from test deviation. Nevertheless, the 

test deviation with resin seems to be much higher than that from the standard permeability 

measurements with oil. This might be due to the deformation of the test rig because of the 

influence of heating elements and temperature, which needs to be critically investigated in 

future more in detail. 
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Figure 4.39: Permeability vs. FVF (DoE study, 

resin) 

Figure 4.40: Log permeability vs. FVF (DoE study, 

resin) 

  
Figure 4.41: Average absolute deviation Figure 4.42: Average relative deviation 

To investigate the influence of the parameters, for the first step, a parameter screening 

evaluation is carried out. The results are provided as in the Figure 4.43 and Figure 4.44 below. 

According to the probability value – p-value, as shown in the Figure 4.43, a low p-value (a 

value less than 0.05) indicates that results are statistically significant, which are identified by 

the color and asterisks. It is also obvious that only the parameter FVF is significant for the 

permeability results, with quadratic effect. This can be further verified by the half normal 

probability plot of effects as shown in the Figure 4.44—all the effects that lie along the line are 

negligible, whereas the larger effects deflect away from the line (FVF% and FVF%*FVF%).   

  
Figure 4.43: ANOVA analysis for the parameters screening 

by DoE studies for pure resin 

Figure 4.44: Half normal probability plot of 

effects by DoE studies for pure resin 
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4.2.4.3 Permeability based on NP-epoxy suspension: DoE studies 

Further measurements as shown in the Table 4.16 are carried out for boehmite nanosuspension 

as shown in the Table 4.16. The influence of FVF, NP concentration, temperature and pressure 

are evaluated by the DoE table as shown in these parameters are investigated by the DoE 

method by the table shown as in Table 4.16. In order to prevent the evaluation errors due to the 

deviation in the parameters, the actual measured average values of FVF, temperature and 

pressure are used for the evaluations. 

Table 4.16: DoE table for permeability studies by boehmite-epoxy suspension 

Exp. 

No. FVF  

NP (Wt%) Temperature  

(°C) 

Pressure  

(bar) 

Maximum flow 

length (m) 

Filtration factor 

(Exdecay factor_b) 

 1 0.49 0 100.72 0.59 230.64 -1.34E-08 

2 0.60 0 101.86 1.77 210.97 -1.19E-08 

5 0.55 0 62.30 0.76 140.44 -5.77E-09 

6 0.60 0 62.49 2.67 127.21 -5.58E-09 

7 0.49 0 83.53 2.38 196.25 -3.66E-08 

8 0.60 0 83.48 0.77 140.90 -8.20E-09 

9 0.55 2.5 84.30 1.88 154.95 -1.00E-08 

10 0.50 5 106.65 0.70 0.41 -0.00346 

11 0.50 5 94.57 2.53 0.56 -0.00592 

12 0.60 5 98.35 0.87 0.29 -0.00215 

13 0.60 5 106.66 2.94 0.30 -0.00448 

14 0.50 5 61.52 0.83 0.83 -0.00012 

15 0.50 5 61.52 2.84 0.30 -0.00812 

16 0.60 5 61.34 0.84 0.27 -0.00018 

17 0.60 5 61.66 2.97 0.41 -0.00044 

It can be seen from the results that the maximum flow length (root of parameter a in Eq. 3.18) 

for permeability tests without particle is rather large while the decay factor is quite small. This 

may be considered to be as infinite large flow length with infinite small decay factors. In 

comparison, the maximum flow length value is remarkably decreased for injections with 

particle-filled suspensions, dependent on the injection parameters, with much higher decay 

factor values. As the permeability value from the particle filled-injection is not a constant value 

– dependent on the flow length, in this study the maximum flow length and decay factors are 

selected as a response, and DoE evaluations are conducted. 

For the first step, a parameter screening evaluation is carried out. The results are provided as 

in the Figure 4.45 and Figure 4.46 below. According to the probability value— P value as 

shown in the Figure 4.43, a low p-value (a value less than 0.05) indicates that results are 

statistically significant, which are identified by the color and asterisks. It is also obvious that 

NP-concentration, FVF, temperature and their interactions all have a significant influence for 

the response value (maximal flow length). This could be further verified by the half-normal 
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probability plot of effects as shown in the Figure 4.46—all the effects that lie along the line are 

negligible, whereas the larger effects deflect away from the line.   

  
Figure 4.45: ANOVA analysis for the parameters screening 

by DoE studies for NP-epoxy suspension 

Figure 4.46: Half normal probability plot of 

effects for NP-epoxy suspension 

The DoE studies from the NP-epoxy suspension show that, compared to permeability study 

with pure resin, the flow behavior of the particle-filled matrix system is dependent on many 

factors, and are correspondingly much more complex. Theoretically, by the DoE study, an 

experimental model for flow length and decay factor could be developed, with the critical 

parameters and their interactions, with a possibility of application for designing impregnation 

strategies and other parameters. Nevertheless, the semi-experimental models that are based on 

DoE studies are strongly based on statistic data distribution – regarding the maximum flow 

front and decay factors. Due to the fact that these two parameters differ quite remarkably – 

infinite big and small by the case without NP but decreases dramatically by the NP-epoxy 

suspension, the fit model is susceptible, as it is strongly influenced from the bigger values that 

under consideration. This is an interesting aspect to be critically evaluated and further 

optimized, therefore, there are no further investigations regarding the DoE model is carried out.  

4.3 Short summary  

In this chapter, the basic material components – NP, epoxy matrix and fiber reinforcement – 

and their interactions and correlations regarding to the process parameters are studied. 

Regarding the NP-epoxy matrix, the cure kinetics and rheological behaviors are investigated 

and modeled as a critical aspect with custom-developed software tools. By the modeling, the 

influence of different model-free and model-fitting methods and regression algorithms on the 

model quality and prediction accuracy is investigated. After that, the cure kinetics and rheology 

of the boehmite-epoxy suspensions are modeled based on the optimized model parameter 

estimation and regression algorithm. Finally, the influence of boehmite NPs on the cure kinetics 

and rheology of an epoxy resin system is systematically investigated. It can be shown that the 

boehmite NPs are reactive to the epoxy, which inevitably influences the reaction kinetics of 

the matrix. The boehmite NPs can slightly accelerate the reaction at the beginning until a certain 
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cure degree, which presumably due to the reactivity of the boehmite NPs with the epoxy, but 

thereafter they inhibit the cure reaction – probably due to the spatial hindrance by the NPs. 

Finally, the boehmite NPs lead to a decreased polymerization network density of the matrix. 

The standard Kamal-Sourour and Castro-Macosko models showed an ill-posed characteristic 

resulting that it is not possible to determine a clear correlation of the model parameters against 

the NP concentration. However, by the model parameter analysis combined with optimal 

regression algorithm, it is possible to develop a good correlation between the model parameters 

with respect to NP concentration. At the end, generalized models for describing the cure 

kinetics and rheology of the NP modified epoxy resin system are proposed, which enables to 

describe and predict the cure and rheological behavior depending on the time, temperature and 

the concentration of NPs. The generalized model can be also possibly transferred to other filler 

modified resin systems. 

Regarding the fiber preform, the compaction behavior (global/local FVF, filament distance 

distribution) and permeability of the fiber preform considering the effects of NPs are also 

systematically investigated. The investigations regarding the compaction behavior of the textile 

– global/local FVF and filament distance – showed a critical phase transition of the porous 

structure in the textiles: from a dual-scale porous structure to a single-scale micro-porous 

structure with the increase of FVF. Correspondingly, the average value of the smallest distance 

between the filaments is around 0.138 µm at FVF of 30%. It stays almost constant until FVF 

50 -55%, and begins to decrease remarkably from FVF 55%, until 0.00426 µm by FVF 70%. 

In contrast to the distribution pattern of the NNCD, the ND show a multimodal distribution 

characteristics with three peaks around 0.55 µm, 4.91 µm and 13.96 µm, separately. It seems 

that the distribution pattern of the filaments within the roving is dominated mostly by the pre-

compaction during the roving/textile fabrication process, so the compaction during the 

impregnation process mostly influences the relative frequency of the peaks but not necessarily 

the pattern.  

Considering the influence of NP retention on the permeability, the influences of the critical 

material and process parameters – FVF, NP concentration, and temperature and injection 

pressures – are investigated by DoE studies with respect to the maximum flow front and decay 

factor.  
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5 Key aspect II: Process development 

and simulation  
In this chapter, the focus lies in the second key aspect – process development and simulation. 

The particular flow and retention characteristic of the NP-filled epoxy matrix in the textile 

structure requires development of special impregnation strategies. The design of the 

impregnation strategy is supported by two main aspects: NP flow and retention study as well 

as flow and cure simulation.  

By the flow and retention studies with different NPs – boehmite, silica and CNT – the NP 

gradient is quantified. At the same time, flow and cure simulations are necessary regarding the 

complex flow and cure behavior that is dependent on the NP gradient. Flow simulation assists 

to anticipate the flow front development during the impregnation by which a full impregnation 

without dry spots or air bubble inclusions can be guaranteed. In parallel, by cure simulation, 

the cure and temperature development within the laminates can be anticipated to improve the 

curing process, by which the cure efficiency can be enhanced as well as avoiding the critical 

temperature overshoot within the laminate. The flow and cure simulations support the 

evaluation and optimization of the impregnation strategies.  
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5.1 Nanoparticle systems flow and retention 

behavior 
The flow and retention behavior of the quasi-spherical boehmite and silica NPs is investigated 

by the custom developed RTM-tool as described in Chapter 3. According to the results in the 

following Figure 5.1 and Figure 5.2, it can be found that at FVF 40% and 50%, the 

concentrations of both NPs decreases very slightly along the flow length – in both 

impregnations parallel and transverse to the fiber direction. This indicates a slight deep-bed 

retention behavior. The same trend applies also to silica NP even at high FVF of 60%. In 

comparison, at FVF 60%, boehmite NP showed a remarkable retention phenomenon – about 

78% of the particles are filtered at a flow length of 100 mm by injection parallel to fiber 

direction and 57% by a flow length of 150 mm by injection transverse to fiber direction. The 

severe filtration of the boehmite NPs at the FVF 60% indicates a different filtration mechanism 

– cake filtration, with a large influence on the flow speed and maximum flow length so that the 

flow speed tends to zero at the flow length of 100 mm and 150 mm, respectively. 

  
Figure 5.1: Boehmite NP concentration along flow length by different FVF.  

Parallel to fiber (left) and transverse to fiber direction (right) 

  

Figure 5.2: Silica NP concentration along flow length by different FVF.  

Parallel to fiber (left) and transverse to fiber direction (right) 
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It is interesting to notice that the boehmite NPs showed a dramatic change in the retention 

behavior from FVF 50% to FVF 60%, where silica NPs do not. The dramatic change in the 

retention behavior of the boehmite NPs at FVF 60% can be explained combining the particle 

size distributions and filament distance distribution. According to the microscopic 

investigations as shown in the following Figure 5.4, by the high magnification – the figures on 

the left – there are plenty of fine dispersed NPs in both samples – boehmite and silica – to be 

observed. Nevertheless, by the boehmite-epoxy samples, some amounts of coarse-particles 

at the micro-range can be observed – more obvious by the lower magnification. In 

comparison, by the silica-epoxy sample, the NPs seem to be better dispersed – without 

any observable coarse particles. The similar observations regarding the coarse particles in 

the boehmite-epoxy sample can be further verified by different magnifications, as shown in 

Figure 5.4. In parallel, based on the reports in the literature, silica NPs showed some slight 

agglomeration only at high concentrations, but hardly any big coarse particles in the micro 

range, as shown in Figure 5.5. 
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Figure 5.3: Particle size distribution in the cure sample 

Magnification from left: 1µm; right: 100 µm 

Combining the results of NNCD in the Chapter 4 and the change of the dominating filtration 

mechanism of boehmite NP regarding the FVF, it can be assumed that the significant change 

in the filtration mechanism of boehmite NPs is directly related to the phase transition in 

the textile microstructure depending on the critical FVF as described earlier. Below the 
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critical FVF, in this case about 55%, the preform showed a dual-scale porous structure with 

both macro and micro pores where the impregnation is dominated by dual-scale flow, the 

retention seems much smaller –even to be negligible, as particles can mainly flow between the 

macro-channels between the rovings. However, above this critical FVF by which the macro-

channels disappear with just micro-channels are left, a remarkable filtration that is dominated 

by cake filtration is observed which could severely influence the impregnation. 

 

 

 
Figure 5.4: Boehmite NP distribution in the cured sample (10 wt%).  

Magnification from left to right: 4 µm, 20 µm, 100 µm 

 
Figure 5.5: Silica NP distribution in the cured sample.  

From left to right: 7 wt%, 11.8 wt%, 20 wt% [176, 177] 

There are several possible assumptions regarding the origin of coarse species in the boehmite-

epoxy samples. They could be the residual particle aggregates that are not well dispersed during 

the dispersion process. The dispersion of the particles in a kneader is achieved by the shear 

stress acting on the particles, which is dependent on the local shear rate within the kneader 

chamber. Since the local shear rate differs considerably within the kneader chamber due to 

varying gap widths and relative velocities of neighboring kneader blades, the kneader chamber 

shows a broad distribution of stress intensity. The final size of a particle is determined by the 

maximum stress intensity it experienced. A uniform dispersion state is therefore a matter of the 
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residence time of the particles within the kneader. A complete dispersion will therefore only 

be achieved at rather long dispersion times that is technically not practical.  

The other possibility is the possible reaction between the boehmite NP with the epoxy. It is 

found that the boehmite NPs are slightly reactive to the epoxy resin where the excessive amount 

of hydroxyl groups on the boehmite surface could initiate a slight polymerization of the epoxy. 

It is already shown in the previous chapter by DSC measurements where the boehmite NP-

epoxy mixture showed slight exothermic reaction enthalpy beginning at around 120 °C – 

indicating certain reaction between the NP and epoxy. Although the temperature during the 

dispersion process is strictly monitored and controlled, nevertheless it cannot be fully excluded 

that some local temperature overheating could occur, which might be critical to initiate the 

reaction between the NP and epoxy. If there is a reaction between the NP and epoxy before or 

during effective dispersion, they could build up local high-viscous or even gel-state coagulate 

with higher solid concentrations. The gel-state coagulates are difficult to be further dispersed 

or diluted with the hardener before the injection. Such gel-state coagulates are observed after 

some dilution processes and or after injection.  

Of course, a third possible explanation is the possibly reagglomeration of the boehmite particles 

during the processing due to the different chemical composition or surface modifications as 

compared to silica. The elevated temperatures, the dilution and the addition of hardener to the 

suspension dramatically change the physico-chemical conditions in the system. It is quite 

important to differentiate these two aspects and find out the main reason considering the severe 

influence of these coarse particles on the impregnation by higher FVF.  

If the morphology of the coarse particles in the boehmite-epoxy suspension is compared to the 

possible agglomerate structures from silica-epoxy, it is obvious that the coarse particles showed 

a solid-state morphology while the agglomerate structures in the silica-epoxy suspension 

showed more a loosened affinity of the primary particles where the primary particles are still 

to be recognized and differentiated. Based on this principal difference in the morphology, it is 

reasonable to assume that the coarse particles can be residuals that directly come from the 

masterbatch. 

It is important to note that the silica-epoxy masterbatch for the experiments is produced by a 

modified sol-gel process. The silica NPs are synthesized in-situ in an aqueous sodium silicate 

solution. Odergard et al [178] reported the molecular models of such NPs and the huge amount 

of hydroxyl groups on the particle surface. In order to prevent agglomeration and to 

compatibilize the particles with the resin, the hydroxyl groups are reacted with silanes to 

achieve certain surface coating [49]. Conversely, the production of the boehmite-epoxy 

suspensions is based on dispersing of the dry powders directly in the epoxy. As the boehmite 

NPs are fabricated by spray-drying process, it might tend to build some aggregate/agglomerates 
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during the drying process. It seems that due to the processing characteristics by dry 

powder-particle-dispersion in kneader for preparation of the NP-epoxy suspensions and 

the reactivity of the particles with the epoxy, some amount of coarse particles might 

inevitably remain not well dispersed. The argument could be also enhanced by the 

observation of Louis et al [51] on alumina-epoxy suspension. Based on the observations in the 

thin-film through-light microscopy, it was also found that remarkable amount of coarse 

particles exists in the nanoalumina-epoxy suspensions.  

 
Figure 5.6: Alumina NP distribution in the cured sample.  

Weight content from left to right: 5 wt%, 10 wt%, 25 wt% [51] 

Based on the preliminary investigations together with the project partner – IPAT, TU 

Braunschweig, it is also found that due to the little amount and quite different size distribution 

of these coarse particles – several microns compared to the well dispersed particles in just 

dozens of nanometer, it is quite challenging to obtain a quantitative information regarding the 

amount of the coarse particles. It seems that the information from the big particles cannot be 

well captured due to the limit of the measurement spectrum of standard test instruments for NP 

size distribution characterization, or vice versa. There is also a similar issue by analyzing the 

images by SEM: due to the quite big size difference, the coarse particles can only be better 

quantified by lower magnifications, where the information about the fine-dispersed NPs might 

be inevitably lost, or vice versa. Nevertheless, considering that the coarse particles are mostly 

problematic by the impregnation of high FVF laminates (single-scale porous structure), image 

processing methods are applied for detecting the coarse particles to get some qualitative 

information for comparing the agglomeration behaviors, as shown in the following Figure 5.7. 

It can be seen from the Figure 5.8 that, there are still remarkable amount of the particles with 

a diameter of up to 3-4 µm with an apparent average size of around 1 µm. However, it must be 

kept in mind that, the average particle size and absolute value of the differential and integral 

distribution based on the image recognition process is not accurate, as the fine dispersed NPs 

are not considered due to the image resolution limit. Nevertheless, it provides still important 

qualitative information about the coarse particles and the agglomeration behavior. Therefore, 

it seems that it might be a general problem in the dry-particle dispersion process: due to 

the process characteristic, a little amount of residual coarse particles might remain not 

well dispersed, and these coarse particles are quite critical in the impregnation process, 
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especially at high FVF where the structure shows a micro-porous structure. The average 

value of the coarse particle size will be inverse calculated and discussed later in the 5.2: Flow 

simulation.  

  
Figure 5.7: Coarse particles in the boehmite-epoxy matrix.  

Left: original SEM image; Right: processed image with ImageJ 

  

Figure 5.8: Coarse-particles distribution in the cured boehmite-epoxy matrix (10 wt%) 

Besides the quasi-spherical NPs – boehmite and silica – that are described above, the flow and 

retention behavior of fibrous CNT NPs are also investigated. The comparative GF textiles are 

used to be able to visualize the filtration behavior. Laminates with FVFs of 30%, 40% and 50% 

are impregnated with CNT-epoxy suspensions using an RTM process with a CNT 0.1 wt%, as 

shown Figure 5.9. By FVF 30%, it seems that the CNT particles are well distributed along the 

flow length due to the low compaction of the textiles, with an impregnation time of about 30 

min. However, at FVF of 40% and 50 %, the impregnation is strongly compromised due to the 

severe retention behavior of the CNT particles, without even being able to fully impregnate the 

plate until complete curing.  

The main reasons that lead to the comparatively stronger retention behavior of the CNT NPs 

are ascribed to the rather big dimension of the CNTs in length direction with several microns. 

Moreover, the dispersion process of the CNTs is much more challenging compared to the quasi-

spherical NP regarding the special fibrous morphology that tends to tangle each other.  It can 

be seen in the Figure 5.10, that, even if the dispersion energy is rather high, there are still rather 

big observable agglomerates. The amounts of the agglomerates with size of bigger than 10 µm 
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are quantified with image processing method as shown in the Figure 5.11 and Figure 5.12. 

Therefore, coarse particles or the big agglomerates of dozens of microns are inevitable in the 

suspension, which makes the impregnation quite challenging. 

 
Figure 5.9: CNT retention by different FVF 

CNT 
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Figure 5.10: Dispersion state of the CNT NPs in epoxy depending on the concentration and ultrasonic 

dispersion energy (transmission optical microscopy) 

  
Figure 5.11: Agglomeration detection by CNT 

dispersion by image processing  

(original image: CNT 0.3 wt%, 900 J/g) 

Figure 5.12: Quantification of the CNT agglomerates 

in the dispersion (particle size > 10 µm) 
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It is obvious that, depending on the particle type, NP-epoxy suspension preparation method, 

textile compaction state etc., the flow and retention behavior of the NPs show quite distinctive 

characteristics. It is therefore of big interest to develop and design optimal impregnation 

strategies depending on the particle size distribution characteristics, textile compaction 

behavior and structural complexity. 

5.2 Flow simulation 
In order to be able to design different in-plane or out-of-plane impregnation strategies with 

multiple inlet/outlet positions, it is indispensable to be able to describe and predict the flow 

behavior of different NP-modified resin systems during the impregnation. Therefore, flow 

simulations are carried out and validated by comparing the real (experimental) and the 

simulated flow front development versus injection time. The real flow front data and 

corresponding time are obtained by the permeability-measurement test rig as described earlier.  

The following Figure 5.13 shows the flow simulation and validation results for a standard 

incompressible fluid (without NP) that used for the permeability measurements. It can be seen 

that, except from the experimental deviations by obtaining the flow front data at the beginning, 

the flow front development can be rather well predicted by the simulation. 

  
 

Figure 5.13: Flow simualtion validation (FVF 55%, Oil) 

Regarding the flow simulation with NP-filled epoxy matrix, as described in 3.3.2: Flow 

simulation, the average diameter of the filter medium is necessary to determine the 

permeability by the Kozeny-Carman equation, which nevertheless hard to be characterized by 

experiment. Therefore, an inverse calculation of the average filter medium diameter is carried 

out, as shown in the Figure 5.14. Among the diameters that are used as the filter diameter for 

the simulation, the 104 nm represents the average particle diameter in the boehmite-epoxy 

masterbatch, as shown in the Figure 3.5; the 1000 nm represents the average diameter of the 

coarse particles based on the image recognition process, as shown in Figure 5.8.  
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Figure 5.14: Inverse determination of the average filter-particle diameter  

left: KE5%, 100 °C-FVF50%-1bar; right: KE5%, 100 °C-FVF60%-1bar 

According to the results, by FVF 50%, the average filter diameter has a very slight influence 

on the simulation results regarding flow front development. In comparison by FVF of 60%, the 

results based on the filter-particle average diameter of 104 nm or 1000 nm deviate strongly 

from the experimental data. The difference can be explained by the different filtration 

mechanism of the NPs by the two different FVFs as discussed already in 5.1. By the FVF of 

50%, the NPs showed a deep bed filtration with a very slight retention behavior, however, by 

FVF of 60% it showed a cake filtration with strong retention. Therefore, by the FVF of 50%, 

the filter diameter is not critical as there is only a slight NP retention. In comparison, by 

the FVF of 60%, it is to be expected that there is a remarkable change in the filter 

diameter due to the strong cake filtration. So, it is also logical to believe that of these 

particle average sizes – 104 nm and 1000 nm – cannot fully represent the actual particle 

size in the process. By further calculation with an assumption of an average diameter of 

400 nm, the simulation results fits well the experimental flow front data, indicating that 

the average particle size of the filter media lies around 400 nm. This may represent a 

threshold particle size regarding the retention of the NPs in the fiber preform. Although it is so 

far not possible to determine the filter-cake particle diameter by experiment, so the inverse 

calculation is quite interesting and important.  

  
Figure 5.15: Flow simualtion validation (KE5%, 100 °C-1bar) 
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Furthermore, the flow front development and NP retention behaviors by other scenarios are 

simulated and validated, as shown in the Figure 5.15. Regarding the NP retention behavior, the 

model can also well describe the NP retention behavior by FVF 50%, but it showed certain 

deviation by FVF 60%. The reason maybe because that the retention model that is selected to 

describe the NP retention behavior, as shown in Eq. 3.26, is mostly applied deep bed filtrations. 

It seems that it cannot necessarily good describe the retention behavior by a cake filtration – 

presumably the case by FVF 60% based on the analysis earlier. 

Based on the simulation and validation result, it is clear that the model can be applied to predict 

the complex flow front development in the sequential and parallel injection strategies as put 

forward earlier, by which the inlet/outlet positions can be designed and the process robustness 

can be remarkably improved.  

5.3 Cure simulation  

Parallel to the flow simulation, cure simulation is also indispensable to predict the 

temperature/cure gradient and optimize the process. As described already in the Chapter 3, the 

curing process is dictated by the cure kinetics of the matrix, the heat capacity and the thermal 

conductivity of the composites. The curing kinetic modeling and the influence of the NPs on 

the cure kinetics are already investigated and analyzed in detail in the Chapter 4. Besides, the 

heat capacity and thermal conductivity is dependent on both cure degree and temperature. 

Firstly, in order to investigate the dependency of the heat capacity on cure degree, the reference 

matrix system without any particle is investigated by quasi-isothermal MDSC at two different 

temperatures (100°C and 120 °C), by which the influence of the temperature can be neglected 

in each measurement. According to the results as shown in the following Figure 5.16 below, 

the heat capacity slightly decreases as the cure degree increases until a certain cure degree, and 

then shows a sudden step downwards and reaching a plateau. Combining the development of 

the heat capacity development and the heat flow curve, it can be determined that the “jump” in 

the heat capacity occurs where isothermal reaction tends to the stop. As discussed earlier in the 

Chapter 4 that, this is the critical curing degree where the vitrification occurs due to Tg exceeds 

Tcure. It seems that the heat capacity is much more influenced by the glass transition due to 

vitrification effect as from the cure degree. 

Secondly, a dynamic MDSC process is applied to investigate the dependency of the heat 

capacity upon temperature. Considering that, the “jump” in the heat capacity is dependent on 

the vitrification effect that is dependent on Tg. Therefore, three different kind of samples are 

considered: the initial mixture (cure=0) is firstly measured until fully cure then the same sample 

is measured in a second heating cycle as fully cured sample (cure=1). Moreover, another 

sample is cured initially by an isothermal temperature at 100 °C by 25 min to achieve a certain 
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initial cure degree (Cure neat resin=0.52; Cure KE 10% suspension=0.55) and Tg, and is 

measured in a second step with the dynamic MDSC. 

 
Figure 5.16: Change of neat epoxy matrix heat capacity depending on cure  

  
Figure 5.17: Change of heat capacity depending on temperature and cure.  

Left: neat resin; Right: KE 10% suspension 

 
Figure 5.18: Thermal conductivity of NP-epoxy vs. NP concentration 

As can be seen in the Figure 5.17, the heat capacity is almost a linear function of the 

temperature in the range T>Tg or T<Tg. Nevertheless, the curve shows a remarkable “spring” 

by the transition of the fluid/rubbery state to the glass state depending on the Tg(alpha). Even 

if the slope of the linear function and transition zone (Tg) is rather reproducible in the repeating 
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tests, nevertheless the inception of the curves showed a remarkable deviation. It seems that the 

accuracy of the heat capacity test by the DSC is susceptible that might be due to the insufficient 

sensitivity of the device to small heat flow signals. The similar phenomenon with a deviation 

of up to ± 10 % was also reported in several other studies [132]. Considering that, the change 

of the heat capacity depending on cure degree is much smaller than that due to glass transition 

and test deviation; therefore, in this paper the heat capacity is modeled to be a function 

temperature and Tg. The curve development below and above the Tg transition can be well 

described by a linear function. The transition can be described by a atan(T) function [132] or 

tanh(T) function [179] as follows: 

As the Tg is correlated to the cure degree (𝛼) by the Dibenedetto equation which is characterized 

in the Chapter 4, so the start position of the transition zone is determined by the cure degree, 

as shown in the Figure 5.17. Except from the heat capacity, the thermal conductivity of the NP-

modified epoxy samples is characterized as below in Figure 5.18. It can be seen there is a 

gradual increase in the thermal conductivity of the NP-epoxy matrix samples depending on the 

concentration of NPs. If the thermal conductivity by 50 °C is to be compared, there is about 

24% increase by modification with 15 wt% boehmite NPs. 

For the simulation, a representative CFRP laminate cross section is considered, as shown in the 

figure below. As the boundary condition for curing, a typical curing cycle – 2 hours at 80 °C 

and further 2 hours at 140 °C– is applied. 
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Figure 5.19: Physical model for curing simulation 

 

𝐶𝑝(𝑇, 𝛼)= 𝑎1𝑇 + 𝑎2 + 𝑎3 tanh(𝑎4(T-Tg)) where 

a1, a2: middle line 

to function tanh(T) 

a3: vertical 

distance between 

two linear parts 

a4: width/slope of 

the transition zone 

Eq. 5.1 
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 Figure 5.20: Evolution of FRP laminate temperature gradient depending on laminate thickness.  

Left (neat resin matrix); Right (resin matrix with 10 wt% boehmite NP) 
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 Figure 5.21: Maximum temperature gradient in FRP laminate during cure.  

Left (neat resin matrix); Right (resin matrix with 10 wt% boehmite NP) 

It can be shown from the results as shown in the Figure 5.20 that, with the increase in laminate 

thickness, there is a remarkable temperature increase in the middle of the laminate during the 
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curing process. If a laminate thickness of 100 mm is considered, the maximum temperature in 

the middle of the neat resin CFRP laminate arrives around 180 °C, as shown in the Figure 5.20 

left. In comparison, by the 10 wt% boehmite NP- modified CFRP laminate the maximum 

temperature is just around 160 °C, as shown in the Figure 5.20 right. If a GFRP laminate is to 

be considered for comparison, by a similar laminate thickness of 100 mm, the maximum 

temperature in the middle of the neat resin GFRP laminate arrives around 200 °C, as shown in 

the Figure 5.20 left. In comparison, by the 10 wt% boehmite NP- modified GFRP laminate the 

maximum temperature is just around 155 °C, as shown in the Figure 5.20 right.  

It is quite clear that by the introduction of the NPs the temperature gradient profile in the 

laminate can be remarkably decreased, so that the critical temperature overshooting can be 

reduced. Furthermore, it is to be expected that, by the modification of the matrix with NPs, the 

residual stress and resulted distortion due to the curing process can also be decreased.  

5.4 Impregnation strategies 
After determination of the design characteristics of a composite structure (geometry, applied 

fiber-preform, stacking sequence etc.), optimal impregnation strategies need to be designed 

depending on the structure geometry, maximum impregnation time/length of the matrix, as 

well as efficiency and complexity of the process. In a standard impregnation strategy design, 

the target function mostly would be impregnation time or impregnation quality (impregnation 

velocity, converging flow fronts etc.) with possibly small porosity. Correspondingly, the 

boundary conditions are the impregnation time/length of the matrix depending on the 

permeability. However, to fabricate gradient FRP structures with NP-filled matrix, comes 

additionally the required NP gradient – regarding the stress gradient – also as a target function, 

with the maximum flow length by different NP-epoxy matrix systems as a critical boundary 

condition to design optimal impregnation strategy.  

As already discussed in the Figure 1.9, the main steps of the LCM process include 

draping/compaction, impregnation and curing. Considering the flow and retention behavior of 

the NPs, depending particle type, suspension preparation method, textile compaction state, 

fiber direction and flow length, it is possible to design proper process step sequences and 

impregnation strategies to optimally functionalize the structure.  

First of all, two different impregnation methods, in-plane and out-of-plane, can be 

differentiated. By the in-plane impregnation process, as illustrated in Figure 5.22, the textiles 

are placed in a closed mold, and the matrix is injected from one side as linear (1D) or from the 

middle as radial flow (2D) form. The fluid flows in-plane homogenously within the textile to 

the outlet direction. In comparison, by the out-of-plane impregnation process (see Figure 5.23), 

a gap or a high permeable flow medium is adjusted above/under the textile, by which the fluid 

will quickly flow from the flow media and impregnate the laminate in the thickness direction 
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due to the high permeability difference between the compacted textiles and the flow media. 

There are different variations of out-of-plane impregnation methods, including Compaction 

Resin Transfer Molding (CRTM) or Gap Impregnation etc. The out-of-plane impregnation 

methods are advantageous considering the very short impregnation length, especially 

considering particle-filled high-viscous suspensions. However, the out-of-plane impregnation 

processes are not as much flexible and robust as the in-plane impregnation methods for 

impregnation of complex geometrical structures.  

RTM tool
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Figure 5.22: Illustration of in-plane impregnation 

process 

Figure 5.23: Illustration of out-of-plane impregnation 

process 
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Figure 5.24: In-plane linear impregnation strategy. 

left: sequential injection; right: parallel injection  

  

  
Figure 5.25: Visualization of in-plane impregnation strategies with differnet materials: parallel impregnation 

For impregnation of complex geometries, in-plane impregnation is preferable, where the 

maximum flow length and retention factor are important for designing the inlet/outlet positions. 

Based on the maximum flow length and retention factor, optimal injection strategies regarding 

the desired NP gradient and structure complexity can be designed. The different in-plane 

injection strategies could be illustrated with the following two most representative injection 

strategies, as shown in Figure 5.24: sequential and parallel injection. By sequential injection, 
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multiple injection gates may be designed with the desired distance, according to the NP 

gradient degree and flow length. If the flow front reaches the nearby injection gate, the first 

gate closes, and the second gate opens. In comparison, by the parallel injection, all the injection 

gates simultaneously can be opened. In both cases, NP-epoxy suspensions with different 

particle types or concentrations could be applied to adjust the optimal gradient profile in 

the structure, considering the maximum flow length and NP gradient factor. 

To investigate and validate the different in-plane injection strategies, different RTM tools, both 

1D and 2D, with multiple inlet and outlet gates are designed. The impregnation concepts and 

particle gradient are firstly investigated by applying pigments with different colors in the epoxy 

to visualize the flow behavior and NP gradient. As shown in the Figure 5.25, two different 

kinds of materials are injected from both sides simultaneously (left: red, right: blue), 

representing different kinds of NPs or concentrations to locally modify the property profile of 

the structure.  

Except from the in-plane impregnation strategies, different concepts and tools regarding the 

out-of-plane impregnation are developed and studied. Parallel to the concept which is 

illustrated in the above Figure 5.23 where the fiber preform is impregnated after the 

draping/compaction, a cost-effective and efficient out-of-plane impregnation process – Double 

Vacuum Assisted Resin Infusion (DVARI) – is applied where the fiber preform is impregnated 

before and draping/compaction. The advantage of this process is, as the impregnation occurs 

before the compaction of the preform, the textiles show quite large macro flow channels where 

the suspension rather quickly to impregnate the preform. Due to the rather small flow length in 

the thickness, and large filament/roving distance, such strategies can be used to achieve a 

uniform distribution of standard quasi-spherical NPs in the structures – even if the coarse 

particles exist. In addition, this also can be for effectively impregnating and generating 

functional gradient in the thickness direction with fibrous/sheet-form NP-epoxy suspensions.  

The procedure of DVARI can be described in the following steps, as shown in Figure 5.26. 

· Step 1: DVARI setup. Fiber textiles are placed on a flat mold and sealed. Besides, a 

perforated vacuum chamber is placed above the set-up. This chamber is also covered with 

vacuum bagging film to create a second vacuum.  

· Step 2: Infusion of the NP-epoxy suspension. Vacuum is drawn in both inner and outer 

spaces. By adjusting the difference of the vacuum degree between the outer and inner 

spaces, the compaction of the textiles can be adjusted. When the vacuum degree of the outer 

space is slightly higher than the inner space, the first vacuum bag can be pulled up higher 

to generate an impregnation gap above the textiles, so that the fiber textiles under the inner 

vacuum bagging film will not undergo any pressure or compaction. Therefore, the matrix 
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suspension would directly flow above the textile from the gap and impregnate the preform 

in the thickness direction due to the gravity and capillary effects.  

· Step 3: Release of the second vacuum. The second vacuum is removed so that the 

suspension is pressed by the atmospheric pressure into the preform to get a better 

impregnation.  

· Step 4: Hot press molding. Depending on the desired FVF, the impregnation can be further 

improved by a heat-press machine with higher pressure and temperature. For further 

information about the process and results regarding the process parameters, the readers are 

redirected to the following master thesis that is supervised by the author [180]. 

 
Figure 5.26: Schematic illustration of DVARI process 

  
Figure 5.27: Comparison of the impregnation and CNT gradient between the in-plane (left: RTM) and out-of-

plane (right: DVARI) impregnation strategies  

As can be seen from the Figure 5.27, by applying suitable impregnation strategies, the 

impregnation quality can be remarkably improved. Moreover, the strong retention behavior of 

the CNTs that are already described earlier by in-plane impregnation can be effectively utilized 

to generate accumulation of the CNT particles on the surface to achieve a high surface electrical 

Upper surface 

Lower surface 
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conductivity of the composites, which will be further investigated and discussed in the next 

chapter.  

Of course, the stress or property gradient in a structure is characterized not just by the direction, 

but also from the slope (gradient angle) and the evolution characteristics – linear, exponential 

decay, polynomial decay etc. – as illustrated in the following Figure 5.28.  

It is already shown that depending on the particle type, dispersion state fiber direction and 

compaction state, the particles show different gradient behavior. Nevertheless, among them the 

fiber direction or stacking sequence is normally not a steerable parameter as it is mostly 

determined in design stage of a certain structure. Nevertheless, the fiber compaction state can 

be steered during processing – as discussed earlier regarding DVARI. In addition, it is also 

thinkable to prepare suspensions with 

different particle size so that the 

accurate adaption of the gradient 

slope and even the development can 

be realized. Nevertheless, in order to 

achieve the accurate adjustment of the 

gradient, the suspension preparation 

methods and the interactions of the 

particles with matrix and fibers needs 

to be further understood. 

5.5 Short summary 

In this chapter, firstly NP flow and retention studies are carried out with different NPs – 

boehmite, silica and CNT, by which the NP gradient is quantified depending on the textile 

compaction, fiber direction and NP concentration. It is found out that the NP retention behavior 

is on one hand dependent on the dispersion quality of the NPs in the epoxy, which is closely 

dependent on the production method of the masterbatch, on the other hand the compaction 

status – filament distance distribution – of the fiber preform. It seems that, due to the process 

limit, a little amount of residual coarse particles might remain not well dispersed during the 

dry-particle dispersion process, and these coarse particles are quite critical in the impregnation 

process, especially at high FVF where the structure shows a micro-porous structure.  

Flow and cure simulations are carried out to anticipate the complex impregnation and cure 

behavior with respect to the NP modified matrix systems and assist the design of the 

impregnation strategies and increase the process robustness and efficiency. The flow and 

retention coupled flow simulation showed good prediction compared to experiments. Moreover, 

the flow simulation is applied to inversely calculate the critical filter-particle diameter that is 
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Figure 5.28: Typical gradient characteristics 
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determined to be around 400 nm.  The cure simulations show a remarkable decrease in the 

cure/temperature gradient of the laminates with the modification of NPs. Finally, different in-

plane (sequential, parallel) and out-of-plane impregnation strategies with single/multiple 

inlet/outlet positions are put. Different 1D and 2D RTM-tools are designed for the investigation 

of the impregnation strategies. The concepts and NP gradient are validated by visualization of 

multiple injected materials with different coloring agents.  



6 Key aspect III: Property characterization and concept evaluation 

121 

 

6 Key aspect III: Property 

characterization and concept evaluation  

In this chapter, the focus lies in the property characterization of the NP-gradient-functionalized 

FRP materials and structures. The goal is to investigate the critical properties regarding the NP 

gradient. By the coupon laminate, the critical mechanical, thermal-mechanical and electrical 

properties regarding the particle gradient are thoroughly characterized. Mechanical analysis is 

concentrated on the critical matrix dominated mechanical properties including interlaminar 

fracture toughness (GIC, GIIC), three-point-bending (transverse to fiber direction) and 

interlaminar shear strength (ILSS) tests.  

As thermal-mechanical properties, thermal properties as well as dynamic thermal-mechanical 

analysis (DTMA) is studied. In addition, the surface and volume electrical properties of GFRP 

laminates that are modified by CNTs are investigated. Moreover, surface and volume electrical 

conductivities of the CNT-modified GFRP laminates are also investigated.  
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6.1 Mechanical properties 

As discussed in Chapter 5, the particle gradient is strongly influenced by several material and 

process parameters. Considering that the influence of the NPs to the mechanical behavior of 

the composites is difficult to quantify since the coupons could show quite different behaviors 

depending on the gradient development (linear vs. non-linear) or even sample/test direction. 

Therefore, the out-of-plane impregnation strategy as illustrated in the Figure 5.23 is used to 

produce homogenously NP-distributed laminates with different particle concentrations, by 

which the influence of the NPs on the mechanical/thermal behavior can be well understood and 

described. It, nevertheless, enables the correlation of the property to the particle gradient. The 

correlations then could be transferred to in-plane impregnation, by which the particle gradient 

can be adjusted and optimized by designing different impregnation strategies. 

The results of the GIC, GIIC, three-point bending and the ILSS properties are provided below 

separately in the Figure 6.1, Figure 6.2 and Figure 6.3. It can be seen from the interlaminar 

fracture toughness and flexural properties that the influence of the boehmite NPs are 

quite remarkable: by modification with 15wt%, there are about 41.07 % and 45.91% 

increase in the GIC and GIIC fracture toughness properties, and about 38.14 % and 47.66% 

increase in the flexural modulus and strength.  

 
 

Figure 6.1: Interlaminar fracture toughness (GIC, GIIC) vs. boehmite NP concentration;  

  
Figure 6.2: Flexural properties (fiber transverse 

direction) vs. boehmite NP concentration 

Figure 6.3: Interlaminar shear strength vs. 

boehmite NP concentration 
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Regarding the ILSS properties, it needs to be pointed out here that, ILSS properties that are 

measured by short-beam test need to be quite critically checked, as it is only valid when there 

is a strict interlaminar shear failure. However, by the samples without much difference in the 

ILSS properties to other properties – compression, bending etc., it might happen that the 

samples could be broken earlier due to the local indentation or bending, indicating that results 

are not valid. This was also the case by the FRP samples that are tested in this work: no samples 

were broken due to interlaminar shear, rather from local indentation and bending. 

Therefore, the results are supposed to be considered as apparent ILSS properties. 

Nevertheless, the apparent ILSS properties showed an increase of about 15.4% with 15 wt% 

boehmite NPs. 

There are several factors that may influence the fracture toughness of the particle-modified 

epoxy matrix [181]: deviation of the crack by the particle, which leads to an increased fracture 

surface; particle-matrix debonding with extra energy dissipation at the interphase; increase of 

the energy absorption through deformation of the particles; increase of the plastic ratio of the 

matrix. Of course, in the case of FRPs, comes the influence of fibers and their interaction into 

play. 

The typical deformation mechanism of the NP-filled matrix can be illustrated by the following 

Figure 6.4. If the crack directly achieves a particle, depending on the stiffness of the particle, 

deviation (a) –by hard ceramic particle – or bridging (b) –by elastomeric particle – could be 

initiated. In parallel, depending on the particle-matrix interphase properties, micro crack 

around the NP (c) or deboning of the NP (d) from the matrix might occur. The voids that are 

generated form the debonding, plus the possible change in the matrix polymerization network 

density can lead to an increased plastic deformation by which the voids/cavitation further grow 

– known as “void/cavitation growth” as shown in (e). Furthermore, depending on the 

agglomeration state and the surface attraction of the NPs, if the crack front achieves an 

aggregate, crack branching might occur by splitting the agglomerates (f). In the extreme cases 

of agglomeration where the packing-density is quite high, it might also possible that the 

agglomerate structure cannot be fully impregnated with the matrix, which directly leads to 

enclose of air bubbles that enhances the void growth and crack branching (g). Of course, except 

from the NP, the chain segments of the epoxy matrix will be glided against each other which 

show a flow line on the fracture surface, which is known as shear banding. Furthermore, the 

matrix could also show some shear yielding characteristics.   



6 Key aspect III: Property characterization and concept evaluation 

124 

 

Crack

a b
d

e

f

c

g

 
Figure 6.4: Illustration of the NP acting mechanisms in the matrix during crack propagation 

The acting mechanism of the boehmite NPs can be revealed combining the microstructure of 

the fracture surfaces. The following Figure 6.6 shows the morphology of fracture surface from 

GIC test by different magnifications in SEM. By the lower magnification (10 µm) as in row i, 

the matrix in the unmodified CFRP samples showed large propagated fracture surfaces with a 

lot of river-line structures near the fibers, showing high interfacial loading and brittle failure at 

the interphase between the matrix and fiber. Most filaments are exposed without any matrix 

stuck on the surface. In comparison, by the boehmite NP modified sample, the matrix is much 

rougher but with much smaller irregularities. At the same time, there are also less directly 

exposed fiber filaments – still rest matrix on them. It seems that the main fracture mechanism 

by the unmodified CFRP sample is dominated by failure on the interface between the fibers 

and matrix. In comparison, by the modified CFRP sample, the fiber-matrix interface debonding 

seems to be a sub-dominating mechanism.  

If the matrix surface is further magnified as shown in the row ii and iii, it can be observed that 

matrix fracture surface between the reference and modified samples are very different. The 

matrix by the unmodified CFRP system is rather smooth without much observable micro 

deformations or fractures. Nevertheless, the fracture surface of the boehmite NP modified 

CFRP structure showed an increasingly rough microstructure with quite remarkable debonding 

between the NP and matrix interface and void growth mechanism. Most interestingly, the 

microstructures of the matrix, especially by higher boehmite NP modification, show an extreme 

“porous” structure with large deformation and cavity buildings. This seems to be quite different 

compared to silica NPs even with much higher concentrations [182, 183]. 

According to the studies in Chapter 4 regarding the influence of boehmite NPs on the matrix 

curing behavior, it was found that the boehmite NPs can negatively influence the network 

density. The decreased network density results in an increased plastic ratio of the matrix that 

leads to increased ductile deformation under load. The extremely rough micro fracture surface 

and the cavity-buildings on the modified samples indicate an increased plastic deformation and 

possible air enclosures that can increase the void growth mechanism. Therefore, it is 

reasonable to believe that main fracture mechanism by the boehmite NP modified CFRP 

structure is the debonding between the NP and epoxy interface, void growth and cavity 
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building due to the plastic deformation of the matrix. In addition, it seems that it is also 

possible that some air bubbles might be enclosed in the agglomerate structures, which lead to 

increased cavity building, thus showing a porous structure in the matrix. 

There are possibly two different mechanisms behind this phenomenon: firstly the boehmite NP 

may improve the fiber-matrix interfacial strength with possible fiber-matrix and fiber-NP 

interactions, or secondly it could be also possible that by the introduction of NP, the stress 

concentration is distributed and consumed more on the NP-matrix interface, reducing the stress 

concentration  on the fiber-matrix interface, which may also likely to seem an increased fiber-

matrix interfacial bonding strength.   

One more aspect regarding the fracture behavior of the boehmite NP modified FRP laminates 

is the coarse particles that are already discussed earlier in Chapter 5. As shown at the GIC 

fracture surface of the modified CFRP samples in Figure 6.5, clear debonding and crack 

deflection around the coarse particles can be observed. It was assumed in other studies that the 

agglomeration behavior of the alumina NPs can help to further improve the fracture toughness 

behavior, in a certain degree, by crack branching due to the splitting of the agglomerates [51]. 

Nevertheless, such effects are not observed or possible to be determined by the case of the 

boehmite NPs, as they seem to be quite firm with a stable geometry.  

  
Figure 6.5: Coarse particles in CFRP modified with KE 15wt%  

Of course, the different fracture mechanism and the acting principle of the boehmite NP are 

closely related to the matrix-fiber and matrix-NP interfacial properties. The difference and 

main mechanism can be further investigated and revealed by the dynamic mechanical analysis 

in the following chapter. 

 

 

Coarse 
particles 



6 Key aspect III: Property characterization and concept evaluation 

126 

 

 0 wt% 5 wt% 10 wt% 15 wt% 

i 

    

ii 

    

iii 

    
Figure 6.6: GIC fracture surfaces of boehmite NP-modified CFRP 



6 Key aspect III: Property characterization and concept evaluation 

127 

 

6.2 Thermal-mechanical properties 

The influence of NP on the thermal conductivity and heat capacity properties are already 

provided and discussed combining 5.3: Cure simulation. So, here the focus lies in the DTMA 

analysis. 

6.2.1 Dynamic thermal-mechanical analysis (DTMA) 

Besides the static properties at room temperature, the dynamic thermal-mechanical properties 

under combined mechanical and thermal loading could provide further information about the 

NP-modified FRP structures under dynamic thermal and mechanical load conditions. It can be 

seen as an important property criterion for application in a structure level in complex load 

conditions. At the same time, it is also possible by the DTMA analysis to obtain some further 

information about the fiber-matrix, NP-matrix interfacial properties and temperature stability.  

According to the dynamic mechanical properties (transverse to fiber direction), as shown in the 

following Figure 6.7, even if there is some test deviation regarding the storage modulus 

between the test samples, but generally the storage modulus of the FRP structures up to glass 

transition temperature are increased with the increase of boehmite concentration, similar to that 

of statistic mechanical properties.  

In comparison, the peak position of Tangent Delta showed a consistent decreasing trend (Figure 

6.7 right) – indicating a decrease in the Tg of the FRP structures. This indicates that the high-

temperature stability of the FRP structure is decreasing with increased NP concentration, as 

also could be seen on Figure 6.7 left – with the increase of NP concentration; the storage 

modulus begins to drop earlier. The similar decreasing trend in Tg was also shown earlier in 

the cure kinetics investigation of the boehmite-epoxy suspensions.  

  
Figure 6.7: Dynamic mechanical properties of the boehmite-NP modified FRPs; left: storage modulus vs. 

temperature, right: Tangent delta vs. temperature 

It was already shown earlier in Chapter 4 by the investigation of cure kinetics that the boehmite 

NPs could react with the epoxy to build covalent chemical connections. However, it needs to 
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be noticed that the high-temperature stability is decided by the intensity and density of the 

chemical connections after full cure. It seems that, even if the boehmite-NP can build covalent 

chemical connections with the epoxy, but the intensity and the density of the polymerization is 

weaker than that from the epoxy and anhydrite curing agent, which leads to a decreased stability 

at elevated temperatures. Of course, one more aspect with respect to the influence on Tg is the 

little number of coarse particles or agglomerates with size of several microns, which also lead 

to a dramatic decreased specific surface and decreased crosslinking density. The similar trends 

are also found in (-COOH) functionalized CNT NPs which increased the Tg by lower 

concentration due to the increased crosslinking density but decreased again by higher 

concentrations due to the agglomeration of the CNT NPs [184]. 

Nevertheless, combining the results on the static mechanical properties and observations on the 

fracture surface, the weak chemical bonding between the NP and the epoxy, in a certain degree, 

seems to provide positive influence on the fracture toughness and other similar mechanical 

properties of the FRP structures. As the introduced weak interphase provide potential path 

where the crack propagation could be very effectively initiated and deviated with increased 

plastic deformation, to transform the possible brittle failure to more ductile failure – higher 

fracture toughness. Therefore, it is reasonable to believe that the main acting mechanism 

of the boehmite NPs in the CFRP is the energy distribution and consumption due to the 

weaker NP-epoxy interfacial strength where the cracks could be deviated and bridged 

due to the NP-epoxy debonding, micro-cracks etc. Therefore, the matrix showed an 

increased ductile behavior which could absorb and consume extra fracture energies.  

Moreover, by the addition of the boehmite NPs, the shrinkage and the coefficient of thermal 

expansion (CTE) of the matrix is expected to be decreased which helps to reduce the residual 

stresses between the fiber-matrix interphase. Therefore, due to these mechanisms, the stress 

concentration on the fiber-matrix interface is remarkably reduced, showing much lower fiber-

matrix debonding failure. The increase in the interlaminar fracture toughness could be well 

explained by these effects, as the increased interface and interphases with the NPs could 

provide potential path for crack propagation by pinning, bridging effects, showing a 

ductile fracture behavior with increased fracture toughness compared to the brittle 

failure in the neat matrix samples. 

6.3 Electrical properties 

Besides the mechanical and thermal-mechanical properties of the NP-modified FRP structures, 

as descripted at the beginning, it is also of interest that in some applications, an increased 

electrical/thermal conductivity is expected, even in some cases preferably on the surface. 

Therefore, the electrical properties are investigated combining the gradient profile in the 

thickness direction by the CNT-modified GFRP laminates.  
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Due to the strong retention effect and restricted flow length of the CNT-epoxy matrix during 

impregnation of fiber preform, samples are fabricated by out-of-plane impregnation strategy 

based on the double-vacuum assisted resin infusion process (DVARI). In order to characterize 

the gradient functionality along the thickness direction, each sample is milled step-wise and 

the electrical conductivity – both surface and volume – is measured. The locations of the 

surfaces and residual volumes are shown in Figure 6.8. 
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Figure 6.8: Illustration of sample preparation for EC conductivity gradient characterization 

It can be seen from the Figure 6.9 (left) that, the electrical conductivity on the top surface 

reached saturation by just 0.1 wt% – indicating the critical percolation threshold concentration. 

This is presumably due to that, because of the strong retention effect, most of the CNTs are 

stocked on the top surface, resulting in the increased CNT concentration for percolation at 

lower concentration. This can be further validated by the Figure 6.10 (right), as by this critical 

CNT concentration, the electrical conductivity from the surface is almost the same until 1 mm 

thickness, but getting worse thereafter. This is due to the increased CNT accumulation of CNTs 

near top surface. With the increase of CNT concentrations, the electrical conductivity decreases 

as linear (0.1 wt%) or exponential (0.2 wt%, 0.3 wt%), Figure 6.9 (right). The decreased 

impregnation quality due to increased viscosity and retention of CNTs at higher concentrations, 

leads to negatively decrease of electrical conductivity and mechanical properties.  

  
Figure 6.9: Electrical conductivity gradient vs. CNT concentration and imprenation thickness.  

Left: surface conductivity; Right: volume conductivity 

According to the typical applications of conducting composites, as shown in the Figure 6.10, 

the achieved electrical conductivity values on the surface can be used for antistatic protection. 
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To achieve higher electrical conductivity values, the concept could be transferred to more 

electrical conductive carbon-fiber textiles. Besides, studies also reported that by 

functionalization of CNT NPs, a rather high electrical conductivity can be achieved, as shown 

in Figure 6.11.  

  
Figure 6.10: Typical applications of conducting 

composites [185] 

Figure 6.11: The effect of CNT functionalization on 

the electrical conductivities of CNT/epoxy 

nanocomposites [186, 187] 

6.4 Short summary 

In this chapter, the properties of the functional FRP materials are characterized. It is obvious 

that by the introduction of the boehmite NPs, the critical matrix-dominated mechanical 

properties are remarkably increased: by modification with 15wt%, there are about 41.07 % and 

45.91% increase in the GIC and GIIC fracture toughness properties, and about 38.14 % and 

47.66% increase in the flexural modulus and strength (transverse to fiber direction). 

The DTMA analysis showed a certain decrease at the Tg – indicating a decreased network 

density – of the structure after modification with boehmite NPs. Nevertheless, combining the 

fracture surface analysis and the DTMA results, the main fracture mechanism by the boehmite 

NP modified CFRP structure is found to be the debonding between the NP and epoxy interface, 

void growth and cavity building due to the plastic deformation of the matrix. Therefore, the 

decrease in the network density is not necessarily always to be negative, as the poor connected 

particle-epoxy interfaces could provide extra paths for crack deviation and fracture energy 

dissipation.  

Moreover, by the out-of-plane impregnation of CNT-filled epoxy suspension, the impregnation 

quality of the laminates is greatly improved. It is also applied to generate an electrical 

conductive gradient profile in the thickness direction with a highly conductive surface. 

Nevertheless, the results show an optimal concentration of the CNTs regarding the negative 

effects on the viscosity and impregnation quality, which negatively decreases the electrical and 

mechanical properties. 
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7 Summary and outlook  

This chapter includes two main aspects. Firstly, important results and significant implications 

regarding the processing of NP-modified matrix by LCM processes and final properties of FRP 

structures are summarized and evaluated. Secondly, some important questions arising from the 

investigations that have not yet been fully understood or newly noticed are described, providing 

some future directions to be of interest and solution strategy recommendations.  

7.1 Evaluation of the results  

7.1.1 Key aspect I: Material characterization and modeling 

The basic material components – NP, epoxy matrix and fiber reinforcement – and their 

interactions and correlations with process parameters are investigated. Regarding the NP-

epoxy matrix, the cure kinetics/rheological behaviors are investigated and modeled as a critical 

aspect. By modeling, the influence of different model-free and model-fitting methods and 

regression algorithms on the model quality and prediction accuracy are investigated. After that, 

the cure kinetics and rheology of the boehmite-epoxy suspensions are modeled based on the 

optimized model parameter estimation and regression algorithm. Finally, the influence of 

boehmite NPs on the cure kinetics and rheology of an epoxy resin system is systematically 

investigated. It can be shown that the boehmite NPs are reactive to the epoxy, which inevitably 

influences the reaction kinetics of the matrix. The boehmite NPs can slightly accelerate the 

reaction at the beginning until a certain cure degree, which presumably due to the reactivity of 

the boehmite NPs with the epoxy, but after they inhibit the cure reaction – probably due to the 

spatial hindrance by the NPs. Finally, the boehmite NPs lead to a decreased polymerization 

network density of the matrix. 

The standard Kamal-Sourour and Castro-Macosko models show an ill-posed characteristic, so 

that it is not possible to determine a clear correlation of the model parameters against the NP 

concentration. However, by optimization of the regression method combined with model 

parameter analysis, a good correlation between the model parameters and NP concentration is 

determined. Finally, generalized models are put forward to describe and predict the cure 

kinetics and rheology depending on time, temperature, and concentration of NPs. The 

generalization concept can also be possibly transferred to other filler-modified resin systems. 

Regarding the fiber preform, the compaction behavior (global/local FVF, filament distance 

distribution) and permeability of the fiber preform considering the effects of NPs are also 

systematically investigated. The investigations regarding the compaction behavior of the textile 

– global/local FVF and filament distance – showed a critical phase transition of the porous 
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structure in the textiles: from a dual-scale porous structure to a single-scale micro-porous 

structure with the increase of FVF. Correspondingly, the average value of the smallest distance 

between the filaments at FVF of 30% is around 138 nm. It stays almost constant until FVF 50 

-55%, and begins to decrease remarkably from FVF 55%, until 4.26 nm by FVF 70%. 

Therefore, considering the change of smallest distance, the retention of the NPs could be quite 

critical after certain threshold compaction state, which is not to be underestimated. 

In contrast to the single-modal Gaussian distribution pattern of the smallest distance, the 

neighbor distance shows a multimodal distribution characteristics with three peaks around 0.55 

µm, 4.91 µm and 13.96 µm, separately. It seems that the distribution pattern of the filaments 

within the roving is dominated mostly by the pre-compaction during the roving/textile 

fabrication process, so the compaction during the impregnation process mostly influences the 

relative frequency of the peaks but not necessarily the pattern.  

Considering the influence of NP retention on the permeability, the influences of the critical 

material and process parameters – FVF, NP concentration, and temperature and injection 

pressures – are investigated by DoE studies with respect to the maximum flow front and decay 

factor.  

7.1.2 Key aspect II: Process development and simulation.  

Firstly, NP flow and retention studies are carried out with different NPs – boehmite, silica and 

CNT, by which the NP gradient is quantified. It is found out that the NP retention behavior is 

dependent on the dispersion quality of the NPs in the epoxy that is closely dependent on the 

production method of the masterbatch, and the compaction status – porosity characteristics – 

of the fiber preform. The results showed that the impregnation of fibrous or sheet-structural 

NPs (CNT, GNP etc.) by standard in-plane impregnation processes is quite critical, due to the 

extremely limited impregnation length. In comparison, quasi-spherical NPs (boehmite, silica 

and so on) are better suited for in-plane impregnation. Nevertheless, even by the quasi-spherical 

NPs, the little amount of residual coarse particles that might remain not well dispersed during 

the dry-particle dispersion process are quite critical in the impregnation process, especially at 

high FVF where the structure shows a micro-porous structure. 

In parallel, flow and cure simulations are carried out to anticipate the complex impregnation 

and cure behavior with respect to the NP modified matrix systems and assist the design of the 

impregnation strategies and increase the process robustness and efficiency. The flow and 

retention coupled impregnation simulation shows good prediction compared to experiments. 

Moreover, the flow simulation is applied to inversely calculate the critical threshold filter-

particle diameter that is determined to be around 400 nm.  Moreover, the cure simulations show 

a remarkable decrease in the cure/temperature gradient of the laminates with the modification 
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of matrix with NPs. Finally, different in-plane (sequential, parallel) and out-of-plane 

impregnation strategies with single/multiple inlet/outlet positions are put. Different 1D and 2D 

RTM-tools are designed for the investigation of the impregnation strategies. The concepts and 

NP gradient are validated by visualization of multiple injected materials with different coloring 

agents.  

7.1.3 Key aspect III: Property characterization and concept evaluation  

The properties of the functional gradient FRP materials are characterized. It is obvious that by 

the introduction of the boehmite NPs, the critical matrix-dominated mechanical properties are 

remarkably increased: by modification with 15wt%, there are about 41.07 % and 45.91% 

increase in the GIC and GIIC fracture toughness properties, and about 38.14 % and 47.66% 

increase in the flexural modulus and strength (transverse to fiber direction). 

The DTMA analysis showed a certain decrease at the Tg – indicating a decreased network 

density – of the structure after modification with boehmite NPs. Nevertheless, combining the 

fracture surface analysis and the DTMA results, the main fracture mechanism by the boehmite 

NP modified CFRP structure is found to be the debonding between the NP and epoxy interface, 

void growth and cavity building due to the plastic deformation of the matrix. Therefore, the 

decrease in the network density is not necessarily always to be negative, as the poor connected 

particle-epoxy interfaces could provide extra paths for crack deviation and fracture energy 

dissipation.  

Moreover, by the out-of-plane impregnation of CNT-filled epoxy suspension, the impregnation 

quality of the laminates is greatly improved. It is also applied to generate an electrical 

conductive gradient profile in the thickness direction with a highly conductive surface. 

Nevertheless, the results show an optimal concentration of the CNTs regarding the negative 

effects on the viscosity and impregnation quality, which negatively decreases the electrical and 

mechanical properties. 

7.2 Conclusion 

An overall evaluation of different NP-modified epoxy resin systems regarding the influence on 

the process and final properties is necessary, so that the optimal NP-modified epoxy system 

can be selected for functionalization of FRP structures by which an optimal balance between 

the processing and properties can be achieved. Therefore, the investigated NP-modified epoxy 

matrix systems are evaluated with the most important aspects regarding the process and final 

properties.  

The evaluation of the reference boehmite NP-modified epoxy resin systems regarding the 

critical aspect on process and final properties are shown in the following column chart as shown 

in Figure 7.1 and Table 7.1. Depending on the concentration, boehmite NPs can positively 
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influence the critical matrix-dominated FRP properties. Nevertheless, optimized impregnation 

strategies are needed considering the negatively influence on the process time due to the 

increased viscosity and retention behavior. 

In addition, it is also possible to compare different NPs so that the application of different NPs 

can be synergistically evaluated. If the different NPs (boehmite, silica and CNT) to be 

considered, the influence factors based the results in the thesis and from related literatures are 

normalized to unit volume of the particles and shown in the following column chart as shown 

in Figure 7.2 and Table 7.2. It seems that the CNTs are quite effective on enhancing the 

mechanical properties, compared to two other quasi-spherical NPs – boehmite and silica. 

Besides, if the thermal and electrical properties are to be considered, which are not provided in 

the figures, the influence of the CNT NPs is much more obvious than the other particles due to 

the high aspect ratio of the CNT so that a conductive network (percolation threshold) can be 

achieved much easier at lower concentrations. Nevertheless, the negative aspects of the CNT 

regarding the dispersion cost, process time, retention are also relative high so that it can directly 

endanger the processability by impregnation processes without carefully considering the 

preform permeability or impregnation strategy.  

If the quasi-spherical boehmite and silica NPs to be considered, the reference boehmite 

nanosuspension – prepared by dry-particle dispersion – seems to show higher influence on the 

flexural modulus, strength, and GIC properties. In comparison, the negative effects of the silica 

nanosuspension on the processing – process time, retention behavior, etc. – are much smaller 

than that from boehmite, which makes it quite attractive for LCM processing. Nevertheless, it 

is important to note by comparing the different NPs is that, the effects of the NPs on the 

comparing aspects may not always be linear – especially by CNTs, which means that the 

comparison based volume normalization is to be considered quite critically  
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Figure 7.1: Evaluation the influence of the reference boehmite NPs regarding the 

critical aspect on process and final properties 

Figure 7.2: Evaluation the influence of the different NPs regarding the critical 

aspect on process and final properties (normalized to unit NP volume) 
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Table 7.1: Evaluation the influence of the reference boehmite NPs regarding the critical aspect on process and final properties 

Boehmite 

 

Volume 

fraction 

Initial 

viscosity 
Process time 

Retention (FVF 50%) Bending 

modulus 

Bending 

strength 
GIC GIIC Tg (DSC) 

0° 90° 

Reference 0.00% 0.00% 0.00% 0 0 0.00% 0.00% 0.00% 0.00% 0.00% 

KE 5wt % 2.17% 84.61% -14.62% 10.80% 16.66% 11.32% -0.95% 26.03% 7.12% -6.70% 

KE 10wt % 4.48% 161.59% -25.76% - - 13.18% 32.91% 36.17% 36.17% -10.63% 

KE 15wt % 6.93% 462.32% -41.29% - - 38.14% 47.66% 41.07% 45.91% -12.94% 

 

 

Table 7.2: Evaluation the influence of the different NPs regarding the critical aspect on process and final properties (normalized to unit NP volume) 

Particle type Normalized  

volume fraction 

Initial  

viscosity 

Process time Retention (FVF 50%) Bending modulus Bending strength GIC Tg (DSC) 

0° 90° 

Reference 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

Boehmite 1.00% 35.91% -5.96% 4.97% 7.67% 5.50% 6.88% 4.71% -1.87% 

Silica 1.00% 14.57% 

 [16] 

-1.69% 

 [16] 

1.34% 1.77% 1.85% 

 [16] 

0.58% 

 [16] 

4.44% 

 [17] 

-0.30% 

 [16] 

CNT 1.00% 2523.92% - 

 [188] 

80% - 301.61% 726.77% 132.74% 

 [23] 

- 

 [188] 
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7.3 Outlook  

While critical aspects regarding the material, process and properties of the FRP materials and 

their interactions/correlations are systematically investigated, there are still some new aspects 

with potential interest for future investigation.  

7.3.1 Material characterization and modeling 

It is obvious that the dispersion quality of the NPs, particularly the coarse-particle 

concentration, in the masterbatch is critical for the impregnation process, especially by the high 

FVF. It is therefore important to focus on the particle dispersion process, especially by the dry-

particle dispersion process. Nevertheless, the dispersion quality of the NPs is almost 

exponentially correlated to the dispersion time and energy: the smaller the average dispersion 

size is, the more time and energy is needed to further disperse the NPs and improve the 

masterbatch quality. That’s presumably why some of the coarse particle might left inevitably 

regarding the exponentially increased process cost. Here comes an interesting question: how 

the dispersion process can be optimized to achieve the best dispersion of the NPs with an 

acceptable dispersion cost.  

In parallel, the agglomeration during the dilution, mixing and injection processes is still an 

aspect which is not yet fully understood. Considering that the flow and retention behavior of 

some NPs can be quite critical above a certain FVF where the textile shows a single-scale 

porous structure, it is feasible to design and prepare the textile structures with targeted macro 

flow channels or “runners” so that the impregnation robustness and efficiency of the 

impregnation process with a NP-filled matrix can be greatly improved. 

At the same time, the influence of different surface modifications on the process and final 

properties is surely an interesting and important aspect for further investigation, as it is shown 

by the boehmite NP that it has a remarkable influence on the process and final properties. It 

would be quite interesting in the future if the surface functional groups of the NPs could be 

target-oriented designed with respect to the influence on the process and final properties. 

Additionally, to transfer the concept of “functional gradient” to complex FRP structures, the 

draping/shearing effect comes into play. The draping/shearing effects have direct influence on 

the macro/micro-porosity of the textile and on permeability which directly influences the flow 

and retention behavior of the NPs. Moreover, in this investigation, primarily in-plane 

permeability of the textiles and influence of the NPs are investigated. For flow simulation in 

complex structures, the z-permeability also plays also a critical role. Therefore, 

characterization of the z-permeability is important. It needs to be pointed out that, the 

measurement of the transient unsaturated permeability in the thickness direction is more 



7 Summary and outlook 

138 

 

challenging than that of the 1D/2D permeability, as the detection of the flow front development 

is only possible by cost-intensive methods (such as ultrasonic, etc.) due to the very short flow 

length within closed tools. Therefore, the permeability is preferably determined by volume or 

mass flow of the fluid after the textile is fully impregnated (saturated permeability). Parallel to 

this investigation, currently an international permeability measurement benchmarking activity 

with a focus on the z-permeability is being carried out. More details about the test methods and 

results will be published soon. Moreover, an integrated simultaneous 3D permeability 

measurement concept would be very interesting where all the three major permeability values 

could be determined simultaneously. 

7.3.2 Process development and simulation 

The impregnation process with NP-modified resin systems would be quite complex regarding 

the three-dimensional flow and retention behavior of the NPs. Therefore, the modeling and 

simulation of the flow and cure process is indispensable to account for the process design 

complexity and enhance the robustness. Regarding the complex influence of the reaction on 

the flow and filtration behavior with the increased agglomeration effects during the injection, 

the flow simulation in this paper is concentrated on non-reactive NP-epoxy matrix so that firstly 

only the interaction between the flow and retention can be considered, to be able to evaluate 

the model quality and numerical methods by a simpler case. The coupling of the reaction in the 

real impregnation simulations would be surely of further interest. 

According to the investigations by the author in the thesis, the standard flow/cure simulation 

software doesn’t provide the possibility for the required complex flow and cure simulation 

regarding the time and location dependent material parameters that are mostly considered to be 

constant in the standard software solvers. Therefore, it is recommended that a more open-

source software to be considered where the complex material properties and boundary 

conditions regarding the flow and cure process could be fundamentally described and simulated. 

Considering the extra effects of draping/shearing on the flow and filtration, as well as cure 

behavior in the 3D curved-structure, the results and methodology that are developed in this 

thesis need to be further extended and improved for optimized impregnation strategies 

regarding complex 3D FRP structures.  

7.3.3 Visualization of the particle-particle and particle-fiber interactions  

New possibilities for further understanding the possible interactions between the particle-

particle and particle-fiber could be provided by applying fluorescent NPs for the impregnation 

process. The earlier investigations regarding this topic showed that the standard commercially 

available fluorescent particles are, on one hand, quite expensive, and on the other hand 

normally have particle size of several microns, which is not representative for the investigation 
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and visualization of the interactions regarding NPs. Moreover, some studies also show that 

many fluorescent coloring agents/pigments would bleach out after curing at elevated 

temperature, which makes it not possible to track the particles [189]. Therefore, two possible 

approaches are recommended: the first possible approach is to functionalize the surface of the 

NP directly with anchor fluorescent molecules so that the NPs could be directly tracked. The 

second possible method is ball milling of the commercially available bigger but cheaper 

luminous NPs into nanosize and dispersing them in the epoxy matrix to prepare a new 

masterbatch. Nevertheless, the possibility of these approaches needs to be further evaluated 

and proved.  
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Figure 7.3: Visualization of the NP-fiber, NP-particle interactions with fluorescence  particle 

7.3.4 Nano-carrier-fiber: simultaneously binding and functionalization  

With respect to manufacturing the complex FRP structure, mostly a binder system is required 

to drape and fix the textile on the complex geometry. In addition, the complex flow and 

retention behavior of some special NPs, especially considering the draping/shearing effects 

make the impregnation process quite complex, with a potential challenge on the process 

robustness. Therefore, a totally new concept which is based on a new epoxy-solvable, 

thermoplastic, nanoparticle-carrier-fiber (Nano-carrier-fiber) can be recommend which can be 

used as a binder to fix the textiles, and also as local reinforcement in the critical zones of the 

structures. Nevertheless, the production of the Nano-carrier-fibers, the solving behavior in the 

epoxy and the flow behavior of the NPs and their influences on the permeability and final 

properties of the structures are interesting aspects to be further investigated. 

Furthermore, it is of great interest to investigate the macro and micro-mechanical behavior 

regarding the gradient property profile based on different NP types and concentrations. The 

interphases where the different NPs and concentration meet each other would be of particular 

interest, as they might show quite different acting mechanism of the NPs and failure behaviors. 
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Figure 7.4: Locally modiying the FRP structures with the Nano-carrier-fiber 
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Appendix: Material datasheets 

 



F-20 v2 

TECHNISCHES DATENBLATT

 
 

 

Artikel: Style 796 

Einstellung [Fd./cm]: 6,5/3,0 

Bindung: Leinwand 

Ausrüstung: stuhlroh 
 

Konstruktion:
 

Kette Schuss 

Material:
 

Carbon Glas 

Feinheit: 400 tex 34 tex 

 

Technische Daten  Einheit Sollwert +/- Toleranz 

Dichte 1) 3) Kette 
Schuss 

g/cm³ 
g/cm³ 

n.G.  

n.G. 

+/- 

+/- 

n.G. 

n.G. 

Feinheit 1) Kette 
Schuss 

tex 
tex 

400 

34 
+/- 

+/- 

20 

2 

Drehung 1) Kette 
Schuss 

T/m 
T/m 

 +/- 

+/- 

 

Einstellung Kette 
Schuss 

Fd./10cm 
Fd./10cm 

6,5 

3,0 
+/- 

+/- 

0,3 

0,2 

Flächengewicht  g/m² 270 +/- 10 

Trockengewicht  g/m²  +/-  

Feuchtegehalt  %    

Dicke 2)  mm 0,35 +/- 0,05 

Breite  cm nach Bestellung +/- 1 

      

      

1) oder n.G.: nach Bestellung und jeweiliger Garnspezifikation 

3) wird nicht geprüft, Angabe des Garnherstellers 

2) Richtwert, nicht freigaberelevant 

      

 

Bemerkung:
 

 

Die aufgeführten Werte beschreiben den Ausfall des Gewebes aus einem begrenzten Produktionszeitraum. 

 

 
 
 

Datum QM Dieses Datenblatt unterliegt nicht 
dem Änderungsdienst 01.04.2014  Sybille Büscher 
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Advanced Materials 
  

Araldite® LY 556* / Aradur® 917* / Accelerator DY 070* 
 
 
HOT CURING EPOXY MATRIX SYSTEM 
 
Araldite

®
 LY 556 is an epoxy resin 

Aradur
®
 917 is an anhydride hardener 

Accelerator DY 070 is an imidazole accelerator 
 
 
 
 

APPLICATIONS  High performance composite parts 

PROPERTIES  Anhydride-cured, low-viscosity standard matrix system with extremely long pot life. 
The reactivity of the system is adjustable by variation of the accelerater content.The 
system is easy to process, has good fibre impregnation properties and exhibits 
excellent mechanical, dynamic and thermal properties. It has an excellent chemical 
resistance especially to acids at temperatures up to 80 °C. This epoxy system fulfills 
MIL specifications R 9300. 

PROCESSING  Filament Winding 

Pultrusion 

Pressure Moulding 

KEY DATA  Araldite
®
 LY 556  

  Aspect (visual) clear, pale yellow liquid 

 Colour (Gardner, ISO 4630) ≤ 2  

  Epoxy content (ISO 3000) 5.30 - 5.45 [eq/kg] 

 Viscosity at 25 °C (ISO 12058-1) 10000 - 12000 [mPa s] 

  Density at 25 °C (ISO 1675) 1.15 - 1.20 [g/cm
3
] 

  Flash point (ISO 2719) > 200 [°C] 

  Aradur
®
 917  

  Aspect (visual) clear liquid 

 Colour (Gardner, ISO 4630) ≤ 2  

 Viscosity at 25 °C (ISO 12058-1) 50 - 100 [mPa s] 

  Density at 25 °C (ISO 1675) 1.20 - 1.25 [g/cm
3
] 

  Flash point (ISO 2719) 195 [°C] 

  Accelerator DY 070  

  Aspect (visual) clear liquid 

 Colour (Gardner, ISO 4630) ≤ 9  

 Viscosity at 25 °C (ISO 12058-1) ≤ 50 [mPa s] 

  Density at 25 °C (ISO 1675) 0.95 - 1.05 [g/cm
3
] 

  Flash point (ISO 2719) 92 [°C] 

  Storage temperature  
(see expiry date on original container) 

2 - 40 °C [°C] 

                                                   
*
 In addition to the brand name product denomination may show different appendices , which allows us to differentiate between our production sites:  

e.g , BD = Germany, US = Unied States, IN = India,CI = China, etc.. These appendices are in use on packaging, transport  and invoicing documents.  
Generally the same specifications apply for all versions. Please address any additional need for  clarification to the appropriate Huntsman contact 
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STORAGE  Provided that Araldite
®
 LY 556, Aradur

®
 917 and Accelerator DY 070 are stored in a 

dry place in their original, properly closed containers at the above mentioned 
storage temperatures they will have the shelf lives indicated on the labels. Partly 
emptied containers should be closed immediately after use. Because Aradur

®
 917 is 

sensitive to moisture, storage containers should be ventilated with dry air only. 
Araldite

®
 LY 556 which has crystallized and looks cloudy can be restored to its 

original state by heating to 60 - 80 °C. 

 
 
 
 
 
 
PROCESSING DATA 

MIX RATIO  Components 

Araldite
®
 LY 556 

Aradur
®
 917 

Accelerator DY 070 

 Parts by weight 

100 
90 

0.5 - 2 

Parts by volume 

100 
86 

0.6 - 2.4 

  We recommend that the components are weighed with an accurate balance to 
prevent mixing inaccuracies which can affect the properties of the matrix system. The 
components should be mixed thoroughly to ensure homogeneity. It is important that 
the side and the bottom of the vessel are incorporated into the mixing process. When 
processing large quantities of mixture the pot life will decrease due to exothermic 
reaction. It is advisable to divide large mixes into several smaller containers. 

PROCESSING 
RECOMMENDATIONS 

 To simplify the mixing process the resin can be preheated to about 30 °C to 50 °C 
before adding the cold hardener. Hardener and accelerator can be premixed, thus 
allowing the use of two component mixing/metering equipment. The mix of hardener 
and accelerator has a shelf life of several days. 

The processing of the system at elevated temperatures of 30 °C to 40 °C shows the 
best results. The gelation temperature should not be higher than absolutely 
necessary. A high gelation temperature induces high shrinkage and generates 
internal stresses. 

INITIAL MIX 
VISCOSITY 
(HOEPPLER, ISO 
12058-1B) 

 [°C] 

at 25 
at 40 
at 60 

  [mPa s] 

600 - 900 
200 - 300 

< 75 

VISCOSITY BUILD-
UP 
(HOEPPLER, ISO 
12058-1B) 

 Components [pbw] 

Araldite
®
 LY 556 

Aradur
®
 917 

Accelerator DY 070 

 System 1 

100 
90 

0.5 

System 2 

100 
90 
1 

System 3 

100 
90 
2 

  [°C] 

at 25 
 

at 40 
 

at 80 
 

at 90 

[mPa s] 

to 1500 
to 3000 

to 1500 
to 3000 

to 1500 
to 3000 

to 1500 
to 3000 

 

[h] 
[h] 

[h] 
[h] 

[min] 
[min] 

[min] 
[min] 

 

10 - 12 
33 - 37 

19 - 21 
23 - 26 

95 - 105 
105 - 115 

 

 

3.5 - 4.5 
16 - 18 

7 - 8 
9 - 10 

52 - 57 
60 - 65 

 

 

1.5 - 2 
6 - 7 

3 - 4 
4 - 5 

32 - 35 
35 - 38 

14 - 16 
15 - 17 

POT LIFE 

(TECAM, 65 % RH, 
100 G) 
10 KG METAL 
CONTAINER  

 [°C] 

at 23 
at 40 

  

[h] 
[h] 

System 1 

165 - 175 
5 - 7 

System 2 

95 - 105 
4 - 5 

System 3 

48 - 54 
- 
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GEL TIME 
(HOT PLATE) 

 [°C] 

at 80 
at 100 
at 120 
at 140 
at 160 

  

[min] 
[min] 
[min] 
[min] 
[min] 

System 1 

230 - 270 
65 - 75 
21 - 25 

7 - 9 
2 - 4 

System 2 

140 - 160 
35 - 45 
10 - 12 

3 - 5 
1 - 2 

System 3 

65 - 75 
18 - 22 

5 - 7 
1 - 3 

- 

  The values shown are for small amounts of pure resin/hardener mix. In composite structures the gel time 

can differ significantly from the given values depending on the fibre content and the laminate thickness.  

TYPICAL CURE 
CYCLES 

 Gelation either 
or 

Post-cure either 
or 
or 

2 - 4 h at   80 °C 
1 - 3 h at   90 °C 

4 - 8 h at 120 °C 
2 - 8 h at 140 °C 
2 - 8 h at 160 °C 

  Cure temperatures in excess of about 130 °C cause brown discolouration but do not impair the properties 

of the product. 

 

PROPERTIES OF THE CURED, NEAT FORMULATION 

  Unless otherwise stated, the processing schedule for the samples tested was 
gelation for 4 hours at 80 °C and post-cured for 8 hours at 140 °C. 

GLASS TRANSITION 
TEMPERATURE (TG) 

(IEC 1006, 
10 K/MIN) 

 Cure: 

4 h 80 °C + 4 h 120 °C 
4 h 80 °C + 8 h 120 °C 

4 h 80 °C + 4 h 140 °C 
4 h 80 °C + 8 h 140 °C 

4 h 80 °C + 4 h 160 °C 
4 h 80 °C + 8 h 160 °C 

  TG DSC [°C] 

140 - 144 
144 - 148 

145 - 150 
148 - 153 

150 - 155 
150 - 155 

TG TMA [°C] 

125 - 128 
125 - 128 

130 - 135 
135 - 145 

140 - 145 
140 - 145 

TENSILE TEST 

(ISO 527) 

 Tensile strength 
Elongation at tensile strength 
Ultimate strength 
Ultimate elongation 
Tensile modulus 

[MPa]
[%]

[MPa]
[%]

[MPa]

  83 - 93 
4.2 - 5.6 

80 - 90 
5.0 - 7.0 

3100 - 3300 

FLEXURAL TEST 

(ISO 178) 

 Flexural strength 
Deflection at maximum load 

10 days in H2O 23 °C 
Flexural strength 
Deflection at maximum load 

60 min in H2O/100 °C 
Flexural strength 
Deflection at maximum load 

[MPa] 
[mm] 

[MPa] 
[mm] 

 
 

[MPa] 
[mm] 

  125 - 135 
10 - 18 

110 - 120 
8 -  18 

 
 

125 - 135 
10 - 18 

FRACTURE 
PROPERTIES BEND 
NOTCH TEST 

(PM 258-0/90) 

 Fracture toughness K1C 
Fracture energy G1C 

[MPa√m]
[J/m

2]
  0.56 - 0.6 

88 - 96 

WATER 
ABSORPTION 

(ISO 62) 

 Immersion: 

1 day H2O 23 °C 
10 days H2O 23 °C 
30 min H2O 100 °C 
60 min H2O 100 °C 

 

[%] 
[%] 
[%] 
[%] 

   

0.10 - 0.15 
0.30 - 0.40 
0.10 - 0.15 
0.15 - 0.20 

COEFFICIENT OF 
LINEAR THERMAL 
EXPANSION 

(DIN 53 752) 

 Mean value: 

α from 20 - 100 °C 

α from 100 - 130 °C 

 

[10
-6

/K] 
[10

-6
/K] 

  

55 - 57 
67 - 70 

POISSON’S RATIO   [µ]  0.35 
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PROPERTIES OF THE CURED, REINFORCED FORMULATION 

  Unless otherwise stated, the figures given are for pressed laminate samples 
comprising 16 layers (4 mm) of E-glass fabric 1:1, 280 - 300 g/m

2
, fibre volume 

content 42 - 47 %. 

FLEXURAL TEST 

(ISO 178) 

 Flexural strength 
Deflection at maximum load 
Flexural modulus 

10 days inH2O 23 °C 
Flexural strength 
Deflection at maximum load 

60 min in H2O/100 °C 
Flexural strength 
Deflection at maximum load 

[MPa] 
[mm] 

[MPa] 

 
[MPa] 
[mm] 

 
[MPa] 
[mm] 

 520 - 550 
5 - 6 

16500 - 16700 

 
390 - 410 

4 - 5 

 
460 - 480 

5 - 6 

TENSILE TEST 

(ISO 3268 - 1978) 

 Tensile strength 
Ultimate elongation 
Tensile modulus 

[MPa] 
[%] 

[MPa] 

 345 - 375 
1 - 2 

25500 - 26000 

INTERLAMINAR 
SHEAR STRENGTH 

(ASTM D 2344) 

 Short beam: E-glass unidirectional specimen 
Laminate thickness t = 6.4 mm 
Fibre volume content: 60 % 

  Shear strength: [MPa] 75 - 77 

WATER 
ABSORPTION 

(ISO 62) 

 Immersion: 

1 day H2O 23 °C 
10 days H2O 23 °C 

30 min H2O 100 °C 
60 min H2O 100 °C 

 

[%] 
[%] 

[%] 
[%] 

  

0.15 - 0.20 
0.25 - 0.30 

0.01 - 0.05 
0.03 - 0.07 

TENSILE, 
COMPRESSIVE AND 
TORSIONAL TEST 

(TCT) 

 E-glass 
 
 
 
 
Carbon HT 

Roving 
Fibre volume content 
Gelation temperature 
Post-cure 
 
Roving 
 
Fibre volume content 
Gelation temperature 
Post-cure 

E-glass roving, 1200 tex, silane finish 
67 % 
90 °C 
8 h at 140 °C 
 
Carbon fibre high tensile, 
Torayca T 300 B - 6000 - 50 B 
64 % 
90 °C 
8 h at 140 °C 

  Transverse tensile test 

Tensile strength 
Tensile strain 
Elastic modulus 

 

[MPa] 
[%] 

[MPa] 

E-Glass 

48 - 55 
0.25 - 0.33 

18000 - 20000 

Carbon HT 

77 - 85 
0.9 - 1.0 

9300 - 9900 

  Transverse compressive test 

Compressive strength 
Compressive strain at brak 
Elastic modulus 

 

[MPa] 
[%] 

[MPa] 

 

165 - 175 
1.2 - 1.4 

20000 - 22000 

 

190 - 206 
2.7 - 3.4 

9700 - 9900 

  Torsional test 

Shear strength 
Shear angle 
Shear modulus  

 

[MPa] 
[%] 

[MPa] 

 

77 - 82 
2.7 - 3.1 

6100 - 7100 

 

76 - 80 
3.3 - 4.0 

6000 - 6300 
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HANDLING 
PRECAUTIONS 

  

Personal hygiene 

Safety precautions at workplace 

protective clothing yes 

gloves essential 

arm protectors recommended when skin contact likely 

goggles/safety glasses yes 

Skin protection  

before starting work Apply barrier cream to exposed skin 

after washing Apply barrier or nourishing cream 

Cleansing of contaminated skin 

 Dab off with absorbent paper, wash with warm water 
and alkali-free soap, then dry with disposable towels. 
Do not use solvents 

Disposal of spillage 

 Soak up with sawdust or cotton waste and deposit in 
plastic-lined bin 

Ventilation  

of workshop Renew air 3 to 5 times an hour 

of workplaces Exhaust fans. Operatives should avoid inhaling 
vapours 

FIRST AID  Contamination of the eyes by resin, hardener or mix should be treated immediately 
by flushing with clean, running water for 10 to 15 minutes. A doctor should then be 
consulted. 

Material smeared or splashed on the skin should be dabbed off, and the 
contaminated area then washed and treated with a cleansing cream (see above). A 
doctor should be consulted in the event of severe irritation or burns. Contaminated 
clothing should be changed immediately. 

Anyone taken ill after inhaling vapours should be moved out of doors immediately. 

In all cases of doubt call for medical assistance. 
 

 

 

IMPORTANT LEGAL NOTICE 
Huntsman Advanced Materials warrants only that its products meet the specifications agreed with the user. 
Typical properties, where stated, are to be considered as representative of current production and should not be 
treated as specifications.   
 
The manufacture of materials  is the subject of granted patents and patent applications; freedom to operate 
patented processes is not implied by this publication. 
 
While all the information and recommendations in this publication are, to the best of Huntsman Advanced 
Material’s knowledge, information and belief, accurate at the date of publication, NOTHING HEREIN IS TO BE 
CONSTRUED AS A WARRANTY, WHETHER EXPRESS OR IMPLIED, INCLUDING BUT WITHOUT 
LIMITATION, AS TO MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. IN ALL CASES, IT 
IS THE RESPONSIBILITY OF THE USER TO DETERMINE THE APPLICABILITY OF SUCH INFORMATION 
AND RECOMMENDATIONS AND THE SUITABILITY OF ANY PRODUCT FOR ITS OWN PARTICULAR 
PURPOSE.  
 
The behaviour of the products referred to in this publication in manufacturing processes and their suitability in 
any given end-use environment are dependent upon various conditions such as chemical compatibility, 
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temperature, and other variables, which are not known to Huntsman Advanced Materials.  It is the responsibility 
of the user to evaluate the manufacturing circumstances and the final product under actual end-use 
requirements and to adequately advise and warn purchasers and users thereof.  
 
Products may be toxic and require special precautions in handling.  The user should obtain Safety Data Sheets 
from Huntsman Advanced Materials containing detailed information on toxicity, together with proper shipping, 
handling and storage procedures, and should comply with all applicable safety and environmental standards.   
 
Hazards, toxicity and behaviour of the products may differ when used with other materials and are dependent 
on manufacturing circumstances or other processes.  Such hazards, toxicity and behaviour should be 
determined by the user and made known to handlers, processors and end users. 
 
Except where explicitly agreed otherwise, the sale of products referred to in this publication is subject to the 
general terms and conditions of sale of Huntsman Advanced Materials LLC or of its affiliated companies 
including without limitation, Huntsman Advanced Materials (Europe) BVBA, Huntsman Advanced Materials 
Americas Inc., and Huntsman Advanced Materials (Hong Kong) Ltd. 
Huntsman Advanced Materials is an international business unit of Huntsman Corporation.  Huntsman 
Advanced Materials trades through Huntsman affiliated companies in different countries including but not 
limited to  Huntsman Advanced Materials LLC in the USA and Huntsman Advanced Materials (Europe) BVBA in  
Europe. 
 
Aradur and Araldite are registered trademarks of Huntsman Corporation or an affiliate thereof. 
 

Copyright © 2007 Huntsman Corporation or an affiliate thereof.  All rights reserved. 
 
 

 

Main Office : 
Huntsman Advanced Materials (Switzerland) GmbH 
Klybeckstrasse 200 

4057 BASEL 
Switzerland 
+41 61 966 3333 
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NANOPOX® F 400 is a high performance, versatile, silica reinforced Bisphenol A based epoxy resin for 
the use in fibre composites. The silica phase consists of surface-modified synthetic SiO2 nanospheres of 
very small size (average diameter of 20 nm) with a narrow particle size distribution (maximum diameter 
50 nm). Despite the high SiO2 content of 40 wt%, NANOPOX® F 400 has a comparatively low viscosity 
due to the agglomerate-free colloidal dispersion of the nanoparticles in the resin. 

Technical data (no specification) 

Property Units Typical Values

Base resin Bisphenol A diglycidyl ether

Appearance opaque liquid

SiO2-content [wt%] 40

Density @ 20 °C [g/ml] 1.4

Viscosity @ 25 °C [mPas] 60 000

Epoxy equivalent weight [g/eq] 295

Shelf life [months] 6*

*if stored in the original unopened container 

Processing Instructions 

NANOPOX® F 400 can be used as any other Bisphenol A diglycidyl ether. However, the colloidal silica in 
NANOPOX® products tends to agglomerate if the stabilisation is affected by inappropriate formulation 
components like hydrocarbon solvents (e. g. xylene). Therefore the compatibility between NANOPOX® 
F 400 and all other formulation components should be tested separately before starting formulation 
development. 

Technical Information 

NANOPOX® F 400 



 

 

This information and all further technical advice are based on our present knowledge and experience. However, it implies no liability or 
other legal responsibility on our part, including with regard to existing third party intellectual property rights, especially patent rights. 
In particular, no warranty, whether express or implied, or guarantee of product properties in the legal sense is intended or implied. We 
reserve the right to make any changes according to technological progress or further developments. The customer is not released from 
the obligation to conduct careful inspection and testing of incoming goods. Performance of the product described herein should be 
verified by testing, which should be carried out only by qualified experts in the sole responsibility of a customer. Reference to trade 
names used by other companies is neither a recommendation, nor does it imply that similar products could not be used. 
 (Status: August 2014) 
 
Evonik Nutrition & Care GmbH 
Charlottenburger Str. 9, 21502 Geesthacht, Germany 
Phone: +49 4152 8092-0, Fax: 49 4152 79156 
nano-and-silicone-technology@evonik.com, www.evonik.com/nano-and-silicone-technology 
 

Handling and Storage 

NANOPOX® F 400 should be handled in accordance with good industrial practice. Detailed information is 
provided in the Material Safety Data Sheet. 

Keep container(s) tightly closed when not in use! 

NANOPOX® F 400 tends to crystallize at ambient temperatures. The product can be easily re-melted by 
heating it up to 70 °C for a short period of time. 
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Ref: NANOCYL
TM

 NC7000 – 10 March 2009 - V05  
 

NANOCYLTM NC7000 series - Product Datasheet – Thin Multi-Wall Carbon Nanotubes 

 

General information 
 

 

NANOCYLTM NC7000 series, thin multi-wall carbon 
nanotubes, are produced via the catalytic carbon 
vapor deposition (CCVD) process.  

A primary interest is in applications requiring low 
electrical percolation threshold such as high-
performance electrostatic dissipative plastics or 
coatings.  

NC7000 is available in powder form in quantities 
starting at 2 kg to multi-tons.  

Pre-dispersed forms are also available 
(PLASTICYLTM, EPOCYLTM, AQUACYLTM). 

 

Characterization NC7000 
 

PROPERTY UNIT VALUE METHOD OF MEASUREMENT 

Average Diameter nanometers 9.5 TEM 

Average Length microns 1.5 TEM 

Carbon Purity % 90 TGA 

Metal Oxide % 10 TGA 

Amorphous Carbon  - * HRTEM 

Surface Area m2/g 250-300 BET 

* Pyrolytically deposited carbon on the surface of the NC7000 
 
 
+ Further information is available upon request 

The information contained on this datasheet is believed to be reliable— yet Nanocyl makes no warranties and assumes no liability in 
connection with any use of this information.  Nothing herein is to be taken as a license to operate under or infringe any patent. While 
this information is accurate at the time of publication, please contact Nanocyl or check http://www.nanocyl.com for the most up-to-
date information. 
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