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Abstract 

The development of ceramic matrix composites, with their increasing use in high temperature and 

corrosive environment applications, is still restricted to ótrial and errorô approach in comparison to other 

conventional materials like metals. The main reason behind that is the lack of experimental data due to 

high manufacturing costs of CMCs which generally includes a chain of several complex processes. This 

adds to the complexity of this material class and thus, makes it a difficult task to establish a relationship 

between a component with desired properties and the manufacturing parameters required to realise it. 

In the current work, the digital aspects are investigated from two point of views to use numerical 

methods to support the material design process: ómaterialô and ómanufacturing processô. The case 

ómaterialô is the focus of this work where, óprocess-structure-property-performanceô (PSPP) relationship 

is established to study the entire life cycle of a CMC component, starting from the intermediate products, 

such as fibre preforms or green bodies prior to siliconization process, used in the processing to the 

mechanical performance of the final machined component under operating conditions. 

Each aspect of the PSPP relationship is discussed in detail and its implementation is demonstrated with 

the help of a numerical example. Cohesive zone elements at micro-level and homogenous damage 

development at macro-level were used to define the non-linear behaviour of the material under 

mechanical loading. Experimental results obtained for different CMCs such as C/C-SiC, C/SiCN, 

SiC/SiCN and Al2O3/ Al2O3 were used to validate the results obtained for the finite element models at 

different scales ranging from micro to macro. With the help of data analysis techniques like image 

segmentation and machine learning algorithm, computationally inexpensive data-based surrogate 

models were generated from accurate but computationally expensive physics-based models. 

A detailed review of the available numerical methods to model the manufacturing process and the 

process monitoring techniques is given. Based on the data and information obtained from the modelling 

of the material and the manufacturing process, a concept is proposed for optimized development of a 

CMC part. The concept combines the generated data with quantified expertise in the fields of material 

science to realise a manufacturing process chain to facilitate the material design process for CMCs. With 

the implementation of such an approach, the production cost of CMCs can be reduced by knowledge-

based selection of the CMC constituents and manufacturing parameters. This will open the door for new 

applications of CMCs which would enable the material community to extend their use to other cost-

efficient high temperature applications. 
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Kurzfassung 

Die Entwicklung von Verbundwerkstoffen mit keramischer Matrix, die zunehmend bei hohen 

Temperaturen und in korrosiven Umgebungen zum Einsatz kommen, ist im Vergleich zu anderen 

herkömmlichen Werkstoffen wie Metallen noch immer auf ein "Versuch-und-Irrtum"-Konzept 

beschränkt. Der Hauptgrund dafür ist der Mangel an experimentellen Daten aufgrund der hohen 

Herstellungskosten von CMCs, die im Allgemeinen eine Prozesskette aus mehreren komplexen 

Verfahrensschritten umfassen. Dies trägt zur Komplexität dieser Werkstoffklasse bei und macht es somit 

schwierig, eine Beziehung zwischen einem Bauteil mit gewünschten Eigenschaften und den 

Herstellungsparametern herzustellen. 

In der vorliegenden Arbeit werden die digitalen Aspekte aus zwei unterschiedlichen Blickwinkeln 

untersucht, um numerische Methoden zur Unterstützung der Werkstoffauslegung einzusetzen: 

'Werkstoff' und 'Herstellungsprozess'. Im Mittelpunkt dieser Arbeit steht der "Werkstoff", bei dem die 

"Process-Structure-Property-Performance"-Beziehung (PSPP) hergestellt wird, um den gesamten 

Lebenszyklus eines CMC-Bauteils zu untersuchen. Angefangen bei den Zwischenprodukten, wie z. B. 

den Faser-Vorkörpern (Preform)vor dem Silizierverfahren, die die Basis der Verarbeitung bilden, bis 

hin zur mechanischen Belastungsgrenze des fertig bearbeiteten Bauteils unter Betriebsbedingungen. 

Jeder Aspekt der PSPP-Beziehung wird im Detail untersucht und ihre Umsetzung anhand eines 

numerischen Beispiels demonstriert. Kohäsive Zonenelemente auf der Mikroebene und homogene 

Schädigungsentwicklung auf der Makroebene wurden verwendet, um das nichtlineare Verhalten des 

Werkstoffs unter mechanischer Belastung zu definieren. Experimentelle Ergebnisse, die für 

verschiedene CMCs wie C/C-SiC, C/SiCN, SiC/SiCN und Al 2O3/ Al2O3 erzielt wurden, dienten zur 

Validierung der Ergebnisse der Finite-Elemente-Modelle auf verschiedenen Skalen von Mikro bis 

Makro. Mit Hilfe von Datenanalysemethoden wie Bildsegmentierung und āMachine-Learning-

Algorithmenó wurden aus genauen, aber rechenintensiven physikalischen Modellen zeiteffiziente 

datenbasierte Ersatzmodelle erstellt. 

Es wird ein detaillierter Überblick über die verfügbaren numerischen Methoden zur Modellierung des 

Fertigungsprozesses und der Prozessüberwachungstechniken gegeben. Auf der Grundlage der Daten 

und Informationen, die aus der Modellierung des Materials und der Herstellungsprozesse gewonnen 

wurden, wird ein Konzept für die optimierte Entwicklung eines CMC-Bauteils vorgeschlagen. Das 

Konzept kombiniert die generierten Daten mit quantifiziertem Fachwissen in den Bereichen der 

Materialwissenschaft, um eine Fertigungsprozesskette zu realisieren, die die Werkstoffauslegung für 

CMCs erleichtert. Mit der Umsetzung eines solchen Ansatzes können die Produktionskosten von CMCs 

durch eine wissensbasierte Auswahl der CMC-Bestandteile und Herstellungsparameter gesenkt werden. 
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Dies wird die Tür für neue Anwendungen von CMCs öffnen, die es der Materialgemeinschaft 

ermöglichen wird, ihre Verwendung auf andere kosteneffiziente Hochtemperaturanwendungen 

auszuweiten. 
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1 Introduction  

1.1 Ceramic Matrix Composites 

The use of composite materials can be dated back to the times when dried straws with mud were used 

as building blocks by our civilisation. A composite material is a combination of multiple materials which 

combines the advantages of the involved individual constituents. Ceramic matrix composites (CMCs) 

are also combination of materials, where a ceramic matrix is reinforced with the help of fibres or 

particles. They exhibit superior high temperature and corrosion-resistant properties because of the 

ceramic matrix and the reinforcement of the fibres provides the quasi-ductile behaviour to this class of 

materials. CMCs are seen as the replacement of the high temperature nickel-based alloys where the 

demanding temperature conditions of the new generation aero engines is increasing in order to meet the 

climate goals set by the nations of the world to fight the challenge of global warming. The NOx, CO 

and UHC (Unburned Hydro-Carbon) emission are reduced with the integration of CMC combustor 

liners and first stage shrouds and can reduce the fuel cost up to 830,000 US$ per year per machine 

(MS7001FA gas turbine GE) [1]. They can not only sustain higher temperature in comparison to their 

metallic counterparts but are also lighter in weight where their density is about one-third of the metals. 

Silicon carbide fibre reinforced silicon carbide (SiC/SiC) and aluminium oxide fibre reinforced 

aluminium oxide (Al2O3/Al 2O3 or Ox/Ox) are the two main CMCs used in the gas turbines and have 

already been integrated into their products by commercial engine manufacturers like GE Aviation, Pratt 

&  Whitney and Safran [2]. 

Apart from the aeronautical applications, research areas like space, energy and transportation are also 

looking towards these materials to cater to the needs of demanding temperature and corrosive 

environments. SiC/SiC has also found its use in the nuclear applications due to its stability in the 

environment with nuclear radiations [3]. Materials like carbon fibre reinforced carbon (C/C) were used 

as thermal protection systems (TPS) during the re-entry into the earth atmosphere in the Space Shuttle 

Program of NASA [4]. In the application with higher temperature conditions above 2000°C, materials 

like carbon fibre reinforced zirconium diboride (C/ZrB2), also known as Ultra High Temperature 

Ceramic Matrix Composites (UHTCMCs) are used thanks to their stable diboride matrix which has its 

melting temperature above 3000°C [5]. Due to its high temperature stability and hardness at high 

temperatures, carbon fibre reinforced with matrix of carbon and silicon carbide (C/C-SiC) is used in 

rocket nozzles in the aerospace industry [6] and disk brakes in the automobile industry [7]. 
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Figure 1.1: Comparison of gas turbine structural materials based on their high temperature capability and their 

development over time [8] 

 

However, there are certain limiting factors that have restricted the use of CMCs in the above-mentioned 

applications and the potential of this material class has not been exploited enough. The manufacturing 

routes include several complex high temperature steps where the formation of processing defects cannot 

be avoided completely. These defects increase the rejection rate of the structures as the qualification 

standards of the targeted applications are rather strict. It reduces the confidence in the material as the 

relationship between the defects and their effects over the component performance is not trivial and 

requires a rigorous testing campaign with state-of-the-art quality measuring devices to ensure a safe 

design for any specific application. Moreover, very long (days to several months) high temperature 

processing steps, high rejection rates and expensive raw materials increase the final cost of any CMC 

component exponentially which limits their use to niche engineering fields like aerospace and nuclear 

applications. As a result of this high cost, the number of tests which can be performed, is restricted 

which in turn, adds to the above-mentioned problem of meeting the quality standards required by certain 

application. In order to overcome this problem, a deep understanding of the manufacturing process, 

resulting defects in the material and their effect over the performance of the component is required. This 

will drastically reduce the ólab-to-marketô time of CMCs and will result in reduced price because of 

lower rejection rates. 
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1.2 Process-Structure-Property-Performance Relationship 

Process-Structure-Property-Performance (PSPP) relationship is extensively investigated in the literature 

for all types of conventional materials (as shown in Figure 1.2). The terms in the relationship are self-

explanatory except óPerformanceô which is often dropped from the relationship. The term óperformanceô 

refers to the performance of the component made of the investigated material under operating 

conditions. This factor is addressed explicitly because the geometry of the component and the steps to 

manufacture the component can heavily influence the properties of the same material and in most of the 

cases, the component exhibits degraded properties in comparison to the laboratory scale samples. 

Factors like size-effects, where the strength of the material is considered inversely proportional to the 

volume of the material used, affects the performance of the component, and can result in a flawed design 

when not considered in the preliminary design development process. In the case of monolithic ceramics 

and CMCs, where characteristic manufacturing defects are present in the microstructure, this effect is 

more dominant [9, 10]. 

 

Figure 1.2: A typical process-structure-properties performance relationship where the knowledge about the effects of 

manufacturing over the performance is utilised to develop a design tailored according to requirements 

 

The computational abilities have grown exponentially in the recent years and the PSPP relationship is 

majorly investigated by advanced digital methods which fall under the category of Integrated 

Computational Materials Engineering (ICME). Multiscale modelling and process simulation are integral 

parts of ICME and are coupled with each other to obtain two types of digital twins: 

1. Material Digital Twin : These are interlinked multiscale models which have the capability to 

capture the material behaviour at all the scales (atomic, micro, meso and macro) of the material. 

These models allow the understanding of the underlying mechanisms behind the behaviour of 

the material under the real operating conditions. Based on this understanding, the material 

behaviour can be predicted, and the components can be designed based on the requirements of 
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a particular application. The impact of manufacturing parameters might be indirectly integrated 

into the models without modelling them physically by simulating the conditions of a processing 

step. For example, during tempering of a fibre-reinforced polymer, instead of simulating the 

physical process of tempering, the residual stresses in the microstructure can be calculated by 

setting the physical boundary conditions i.e., mechanical, thermal and chemical conditions 

based on the conditions during tempering. This approach is used in Chapter 2 to model pyrolysis 

step in manufacturing of CMCs and study the change in the microstructure. In this way, one 

gets an insight into the process, but the fine tuning of the parameters still poses a challenge 

because of the assumptions made in choosing the boundary conditions. Nevertheless, this 

simplified approach helps in understanding the changes that a material undergoes during the 

processing and is relevant from the viewpoint of a design engineer, where deep understanding 

of process is not a priority but the modification in the geometries and the properties of a 

component is of interest. 

2. Process Digital Twin: It is a digitalized process chain where each individual manufacturing 

step is modelled using multi-physics simulation and are connected to each other. This digital 

twin allows the optimisation of manufacturing parameters to save time and resources during the 

material development: At the same time, the impact of these parameters over the material can 

be investigated. In the previous example of pyrolysis, an oven will be simulated where the global 

temperature set by the operator will differ from the local temperature experienced by a 

component based on its position in the oven. These local temperatures are then used as boundary 

conditions for the component and a microstructural simulation is carried out to study the effects 

of the subsequent stages over the thermo-mechanical response of the material. Based on the 

number of manufacturing steps involved in the processing, the digitalisation of the entire 

process chain can be challenging because of the complexity of the processes. However, it allows 

a deep understanding of the process and enables the material scientists to deliver a product with 

the exact same specifications and properties as per the requirements of an application. 

Many such digital twins are reported in the literature for different types of materials. Arnold et. al [11, 

12] have proposed the approach to facilitate material selection for aerospace components based on an 

extensive database containing not only the bulk properties of the materials but also the related 

information about each material class spread over all the length scales. The software architecture of a 

óMaterials information management systemô was developed together with NASA Glenn Research 

Center which links the data from manufacturing, tests and microstructural analysis with the physics 

based multi scale simulation models to choose an appropriate material for a particular application with 

the inclusion of effects from manufacturing. The effect of residual stresses and post-heat treatment over 

the mechanical response was investigated in [12] to demonstrate these effects in SiC/SiC CMCs. 
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Ziegler et.al extensively studied the process to manufacture reaction bonded silicon nitride (RBSN) [13]. 

Thermo-mechanical properties like fracture strength, creep, thermal shock, thermal cycling behaviour 

and oxidation were investigated where porosity and the pore structure were the deciding factors in 

deriving these properties. Transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM) were used to study the grain interfaces and their impact over the measured properties of the 

material. Polymer derived ceramics are used in manufacturing of CMCs and the PSPP relationship for 

these ceramics was investigated by Zunjarrao [14]. The effect of processing temperature and hold 

duration over the mechanical response of the produced amorphous/nanocrystalline SiC was studied and 

optimum values of these parameters were reported. Clausell and Barba studied the microstructure of 

CuNiZN ferrite bulk ceramic via SEM and established a relationship between the sintering temperature, 

average grain size and the electromagnetic properties of the bulk ceramic [15]. Ma et.al investigated the 

fracturing behaviour of the ceramic proppants prepared from bauxite [16]. It was found that the 

mechanical properties depend on the sintering temperature. With the help of SEM images, a relationship 

between the sphericity of the ceramic proppants and their mechanical performance was established. A 

similar study was performed by Li et.al to understand the effects of sintering temperature for Al 2O3 

manufactured via additive manufacturing [17]. TEM was used to study the microstructural changes with 

varying sintering temperature and an increase in the crystallite size was observed with increasing 

temperature. 

The manufacturing of composites becomes more challenging in comparison with monolithic ceramics 

as more steps are involved in the manufacturing process, thus increasing the number of parameters 

involved in it. Chung reviewed the manufacturing process of carbon fibre polymer-matrix composites 

and its relation to the thermal, mechanical, electrical and electromagnetic properties of the material [18]. 

Fibre layups with unidirectional and woven preforms, matrix type, fibre volume content, curing 

temperature, filler addition, fibre treatments and component coating are some of the parameters which 

were studied in detail in this work. Carbon fibre reinforced polyether-ether-ketone (PEEK) composites 

were investigated by Zheng et. al [19]. The focus of this work was to study the effect of the processing 

temperature and the holding pressure on the thermal and mechanical properties. Qualitative microscopic 

analysis was performed to understand the underlying mechanisms behind the behaviour of the material 

under different loading set-ups. Matrix properties, void defects, fibre-matrix interface and interlayer 

adhesion were found out to be the most important factors for the thermo-mechanical behaviour. Xie et.al 

published the results of process optimisation for compression moulding of carbon fibre-reinforced 

thermosetting polymer [20]. Compression temperature, compression pressure, pressure-holding time, 

cooling rate and mould-opening temperature were ranked as the most important parameters which 

impacted the mechanical properties of the material. DôMello et. al discussed virtual manufacturing of 

composite structures for aeronautical applications with focus on the effect of curing on the mechanical 

response of composites with the help of finite element simulations [21]. Waas et. al reported few case 
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studies performed under the framework of ICM2 project together with industrial partners like GE-

Aviation, Lockheed Martin Aeronautics Company and Autodesk among others [22]. They reported the 

effect of the cure cycles over the mechanical response of the fibre reinforced components using an 

integrated framework. Xu reported the linking of the process simulation with multiscale simulation of 

carbon fibre composites in order to optimize automotive components from the weight and performance 

point of view [23]. High dimensionality, high computational costs and heterogeneity of the collected 

data were identified as challenges in achieving high fidelity digital process chain that will allow 

optimisation of part design and manufacturing process based on the PSPP relations. 

Some more manufacturing steps are added in the case of CMCs which increase the complexity of the 

manufacturing process of CMCs und subsequent modelling associated with it. An ICME framework for 

CMCs was first reported by Shi et.al from Rolls Royce and the investigated material was SiC/SiC [24]. 

Computational tools and the requirements for their integration for CMCs were reviewed and prioritized 

based on the effort required in the implementation and their importance in the ICME framework. The 

relevance of the combination of steps involved in the material development with component 

development via advanced computational models was emphasized. 

 

Figure 1.3: Processes involved in the manufacturing of a CMC component and their inter-dependency according to Shi 

et.al [24]. 

The topic of ICME is covered extensively by Grujicic in his publications for the development of SiC/SiC 

[25, 26]. Materials-by-design approach is proposed in this work where the development of new materials 

is driven by simulation tools and available material databases [27]. All three important constituents of 

SiC/SiC, namely fibre, fibre coating and matrix, are considered in the multiscale modelling to predict 



 

 

7 

 

the performance of the components. Moreover, an optimisation procedure to evaluate optimum 

manufacturing parameter set was reported keeping the tensile and creep-deformation properties as the 

target values. 

1.3 Scope and objective 

The main objective is to establish a conceptual digital process chain for the manufacturing of CMCs 

with the help of a combination of multiscale modelling and continuous process data extraction. In the 

literature, multiscale modelling approaches have been proposed for CMCs but a systematic integration 

of the complex manufacturing steps into the multiscale modelling framework does not exist, to the best 

of the authorôs knowledge. Process simulation is not a part of this work but an integration concept with 

an interface to multiscale modelling is proposed which was developed with the help of the input received 

from commercial ICME software developers. The integration of data-driven models via machine 

learning algorithms paves the way of an extensive database with information obtained from processing, 

experimental analysis and simulation tools. The author is aware of the other processing routes that are 

available to manufacture the investigated materials but to limit the scope of the current work, the 

processing routes developed in German Aerospace Centre (DLR) at the Institute of Structures and 

Design in Stuttgart were focussed on. All the elements of the PSPP relationship are considered in 

different chapters and is demonstrated with the help of an example followed by a concept development 

to digitalize the entire manufacturing chain for of CMCs. 

Chapter 2 deals with the óProcess-Structureô relationship where the pyrolysis step of the manufacturing 

process of carbon reinforced matrix made up of amorphous carbon and silicon carbide (C/C-SiC) was 

investigated. Image segmentation techniques using open-source Python libraries and its application to 

quantify the microstructural features such as fibre diameter distribution, crack size, etc. is demonstrated 

in the chapter. These techniques were also used to compare the finite element simulation results with 

the SEM images. These results were published in the International Journal of Applied Ceramic 

Technology and the excerpts from the paper have been included with the permission of the journal. 

In chapter 3, the óStructure-Propertyô relationship is discussed where microstructural features like fibre 

diameter, fibre volume content and porosity along with constituent properties and their impact on the 

tensile behaviour of the resulting CMCs are studied. The finite element approach is then validated with 

the help of tensile tests performed on silicon carbon nitride reinforced with silicon carbide fibre 

(SiC/SiCN). The models were then used to generate virtual microstructure and a parameter study of 

varying microstructures and constituent properties was performed to find out the most important features 

impacting the tensile behaviour of a CMC with the help of machine learning algorithms. A surrogate 

data-based model is then generated via machine learning algorithms to enable material design based on 

the data generated by simulation. 
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Chapter 4 deals with the óProperty-Performanceô relationship in CMCs. A damage-based failure 

criterion is proposed for two types of CMCs in order to predict the failure in a component. The proposed 

failure criterion can also differentiate between failure modes and the results are validated for two CMC 

variants. The results were published in the special issue- Ceramic-Matrix Composite in Journal of 

Composites Science and excerpts are included in the monograph after obtaining necessary permissions. 

In chapter 5, a concept for digitalisation of the manufacturing process chain is proposed. The techniques 

involved in data extraction from the equipment used in manufacturing and quality measurement methods 

of intermediate products are introduced in this chapter. Based on the information obtained from these 

methods, a strategy is proposed that involves the expertise in different scientific fields required to 

manufacture a CMC component for a test campaign or for an application. 

In chapter 6, the results are summarized and an outlook is provided for the further development of the 

approach which is introduced as a concept in this work. 
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2 Process-Structure Relationship 

2.1 Introduction 

This chapter deals with the relationship between the manufacturing parameters and the resulting 

microstructure of the material. The manufacturing method depends on the material required by any 

application. The major processing methods which can be employed to manufacture CMCs are: 

¶ Chemical Vapor Infiltration (CVI) 

¶ Polymer Infiltration and Pyrolysis (PIP) 

¶ Reactive Melt Infiltration (RMI) 

¶ Ceramic Slurry Infiltration (CSI) 

There are ample of parameters which can be varied in each process which directly affect the 

microstructure of the material. For example, if one wants to manufacture SiC fibre reinforced SiC via 

RMI, there are several steps involved in the process developed at Institute of Structures and Design, 

German Aerospace Centre in Stuttgart. Firstly, there is a choice of fibre type from the commercially 

available fibres from different manufactures- NicalonÊ, Hi-NicalonÊ and Hi-NicalonÊ TypeS Series 

from NGS Advanced Fibres; Tyranno SA3 Fibre from UBE Industries, just to mention a few. In order 

to protect the SiC fibres during the silicon infiltration step and ensure weak interphase between the fibre 

and the matrix, a fibre coating via Chemical Vapor Deposition is required [28]. A three-layered fibre 

coating system is employed where each layer has its own functionality and individual layer thickness 

can be varied to have a material with desired performance. This step is followed by resin transfer 

moulding (RTM), pyrolysis and liquid silicon infiltration (LSI). Each step comes with an individual set 

of parameters which can be varied to obtain the required microstructure and are discussed in detail in 

Chapter 5. This applies for all other CMCs as well and it is crucial to understand this relationship 

between the manufacturing parameters and the resulting microstructure to choose optimum input 

parameters. However, to quantify this relationship, the microstructural information needs to be 

quantified as well. This means that data produced during microstructural analysis via Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM), X-ray Computer Tomography (CT), X-

ray Diffraction (XRD), etc. should be quantified as well. Image segmentation techniques are used to 

extract the microstructural features such as fibre volume content, fibre diameter distribution, cracks size, 

etc. from 2D microscopic images and discussed in detail in the upcoming section. 

In order to demonstrate such a process-structure relationship, the manufacturing step considered in the 

current work is pyrolysis which is an intermediate step and comes before RMI. The material under 

investigation is C/C-SiC: a carbon fibre (C) reinforced composite where the matrix consists of carbon 

(C) and silicon carbide (SiC). Liquid silicon infiltration (LSI) is a subset of RMI, where molten silicon 
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reacts with the amorphous carbon present in an intermediates phase of C/C to finally form SiC in the 

matrix. The manufacturing process can briefly be described as follows [29-31]: 

1. CFRP manufacturing: Current investigated material was manufactured using RTM where two 

constituents of the composite, namely fibre and resin, are put into two different connected 

chambers in a mould. The sealed mould is then placed between heat plates and vacuum is 

generated in the fibre chamber. The fibres are then infiltrated with resin. The heat plates serve 

as the source for curing to form CFRP which is followed by tempering to reduce the residual 

stresses developed during curing [32]. 

2. Pyrolysis: The polymeric matrix in CFRP is thermally decomposed into amorphous carbon. 

This is achieved by placing the green bodies into pyrolysis oven at temperatures around 900°C. 

The entire process is executed under inert conditions to prevent oxidisation and reaction of the 

material. The chemical processes which govern this pyrolysis step are explained in detail 

elsewhere [33-36]. As already pointed out, matrix experiences high shrinkage during pyrolysis, 

due to which internal stresses are generated within the matrix. These stresses are further 

enhanced by fibre/matrix interface which hinders the matrix shrinkage and are ultimately 

released in the form of crack generation. Evolution of these cracks results in exponential 

increase in open porosity of the material. The crack pattern evolved during this step is crucial 

for the final microstructure of resulting C/C-SiC composite. 

3. Liquid Silicon Infiltration (LSI) : Cracks formed in the previous step provide the required 

space for liquid silicon to enter the matrix and react with carbon to silicon carbide (SiC). It is 

important to mention here that the cracks within the material should be in optimal range to 

protect the carbon fibres from siliconisation. If there are cracks between fibres and matrix, then 

the fibres can be attacked by aggressive liquid silicon and convert them into SiC as well. This 

degradation of fibres leads to a brittle ceramic composite which do not exhibit the damage 

tolerance behaviour achieved by crack bridging and fibre pull-out. The desired microstructure 

is the one (shown in Figure 2.1 b)), where the cracks are primarily formed within the matrix 

with generation of óblock-likeô structures which protect the fibres from being siliconized during 

LSI process. Only the carbon present on the edges of these block structures is converted into 

SiC. This is the reason behind the presence of both carbon and silicon carbide as the matrix 

constituents. 
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Figure 2.1: SEM images of the microstructure of C/C-SiC after different manufacturing steps: a) CFRP, b) C/C after 

pyrolysis and c) C/C-SiC after siliconisation [37]. 

 

The formation of the block structures, shown in Figure 2.1, due to evolution of crack channels in the 

C/C state is desirable since these crack channels are later filled up with liquid silicon to form silicon 

carbide channels and ultimately provide damage tolerance to the material. 

At each of the steps mentioned above, many parameters can be changed to achieve the desired óblockô 

microstructure in C/C state, such as fibre type, resin type, fibre volume content and so on. In the current 

study, the effect of fibre volume content and fibre diameter over the crack formation is discussed. 

2.2 Finite Element Model 

Research has been done in understanding the phenomenon of pyrolysis and its effect over crack pattern 

in a microstructure. Most noteworthy work in this field has been performed by Schulte-Fischedick [38] 

using an analytic approach based on Micromechanics of Damage Analysis (MMD). The model was able 

to replicate different crack types, namely fibre-matrix debonding, transversal cracks and partial 

delamination but did not consider fibre/matrix interface property. 

A numerical Discrete Element Method (DEM) approach was used by Wittel et. al. [39]. It gives a 

realistic visualisation of the microstructure and a good estimate of the increase of the crack-density. 

However, it fails to give a quantitative estimate of crack area. Moreover, fibre/matrix interactions were 

not treated explicitly which is a key factor in CMC under consideration. Fibres in this model are regarded 

as discrete particles with no spatial extent. Finite Element Modelling (FEM), on the contrary, regards 

all constituents of the composite as a continuum and the influence of fibre properties such as fibre 

diameter can be studied with help of FEM. The crack is introduced within a finite element mesh, where 

two nodes separate from each other with a pre-defined displacement entered as input properties of the 

material interface. The area left behind after the separation of nodes can be considered as a developed 

crack and can be compared with the physical crack developed in the material allowing a quantitative 

comparison of crack regions with microscopic images. In this manner, FEM offers more analysis 

possibilities compared to DEM. 
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Finite element modelling was employed to model the behaviour of C/C-SiC material during pyrolysis. 

Volume change in the material during pyrolysis is simulated with the help of 2D models of two different 

dimensions- 6 x 6 ɛm2 and 50 x 50 ɛm2. The modelling was restricted to 2D case since crack 

development in the transverse direction to the fibres is the main focus of the current work. The first 

model exhibits ideal symmetrical packing of fibres which was used to understand the stress distribution 

under thermal loading conditions and its influence over the crack initiation and crack growth in the 

matrix. It also proved useful in fitting the parameters for the cohesive zone model used in the modelling 

of cracks. The second model with random packing of fibres was implemented to model the realistic 

behaviour and compare the results with SEM images of microstructure of the material under 

investigation. Both these models are discussed in detail in the following sections. 

2.2.1 RVE with symmetrical packing of fibres 

A 2D representative volume element (RVE) was generated with the help of a manually written script to 

get the desired microstructure of material. The microstructure represents a single fibre with a diameter 

of 5 ɛm embedded in matrix, as seen in Figure 2.2. The effective fibre volume content of RVE is 40% 

and the displacements at the edges are fixed in all directions to generate stresses due to shrinkage in the 

matrix and initialise formation of cracks to release these stresses. The length of each edge is 6 ɛm. The 

objective behind this model is computationally inexpensive evaluation of input parameter for a model 

with higher number of fibres and then comparison of those results with SEM images of microstructure 

(discussed in next section). 

 

Figure 2.2: 2-D Representative Volume Element (6x6 ɛm2) of a composite with square packed fibre arrangement and 

0Á/90Á orientation, where óFô denotes fibre and óMô denotes matrix. The displacement on all the edges is fixed in x and 

y direction. 
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The boundary conditions on edges are periodic, as the model is assumed to extend infinitely in all the 

directions. The strains in z-direction are assumed to be zero because of the infinite fibre length which 

implies that a plane strain analysis has been performed over this microstructure. 

2.2.2 RVE with asymmetrical packing of fibres 

The second model with realistic random packing of fibres is shown in Figure 2.3. The dimensions of 

this model are 50 x 50 ɛm2. The fibre volume content is 60 % in this model to draw a fair comparison 

with SEM images which had fibre volume content in the region of 57-63% (obtained from image 

segmentation). The edges of this model are also fixed in both óxô and óyô directions like in the previous 

model to generate stresses due to shrinkage and to initiate crack generation and eventual growth during 

the temperature change. The comparison with the SEM images of material microstructure is done with 

this model since it represents a realistic microstructure with random distribution of the fibres. 

 

 

Figure 2.3: A realistic RVE (50x50 ɛm2) with randomly arranged fibres and meshed with triangular elements. 

 

2.2.3 Cohesive zone model 

The modelling of cracks during pyrolysis has been implemented with the help of cohesive zone models 

in this work. This approach to model, the initiation and propagation of cracks with cohesive zone 

elements was first proposed by Dugdale [40] and Barenblatt [41]. As soon as a critical stress value is 

reached in an element, cohesive zone elements are inserted at the interface between two elements. After 

reaching this particular value, stress starts dissipating linearly with increasing distance between two 

crack edges. A crack is assumed to be fully developed after the critical crack opening distance is reached 
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and there is no more traction between the involved set of elements. The crack opening is irreversible in 

this case. This is defined in literature as ólinear decay lawô and is shown in Figure 2.4 [42, 43]. 

 

Figure 2.4: Irreversible linear decay law used in the cohesive zone model with critical displacement and critical stress 

values for crack opening. 

The model, implemented in the present work, is available in the commercial software óMultimech 18.0ô 

by Siemens Digital Industries Software (formerly sold by Multimech Inc and taken over by Siemens). 

Cohesive zone elements are inserted at contact between two different element groups: 1) elements at 

fibre/matrix interface and 2) elements at matrix/matrix interface. Contrary to implementation of typical 

cohesive zone elements, which must be defined as a priori before the crack initiates, Multimech 18.0 

inserts cohesive zone elements on each and every element interface and activates them as soon as critical 

stress is reached. More information about the model can be found elsewhere [42]. 

2.3 Experimental Analysis 

Certain measurements were required to get some material parameters for the resin material. Apart from 

that, microscopic analysis was required to get insight into the microstructure of the material and compare 

with the simulation results. These test methods are described briefly in this section. 

Nano Indenter: 

This indentation method was used to obtain the Youngôs modulus of the resin sample. Indentation with 

a tip range of a few micrometres allows to measure material properties in a localised area and can be 

assumed to represent a homogeneous material without local defects like pores. The measurements were 

done with an "UNAT" by Advanced Surface Mechanics (ASMEC). A Berkovich indenter with a 

trigonometrically pyramid-shaped tip was used. The tip is indented into the material until a predefined 

force is reached before the specimen is unloaded. The indent to obtain the Youngôs modulus was 

repeated five times at different positions and was done with a maximum force of 0.1 N [44]. 

Dilatometry : 
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Dilatometry measurements were made to quantify the volume change of the sample under a given 

temperature range. The equipment used for these measurements was óDIL 402Eô by Netzsch with 

temperature varying from room temperature to 1300°C at 5° C/min. Measurements were done under 

Argon to prevent oxidation and contamination of the samples from other elements in the environment. 

Thermal expansion of coefficient can be evaluated from change in length of sample with the help of the 

following formula: 

‌  
Ўὰ

ὰ
 (1) 

‌ ‌ ‌  (2) 

The measured coefficient of thermal expansion comprises of two parts: thermal and chemical. Since the 

evaluation of chemical part is out of scope of this work, ‌  was taken as the value for further 

calculations to model the shrinkage behaviour with consideration of the volume change due to chemical 

reactions. 

Scanning Electron Microscope (SEM): 

Scanning electron microscope is a kind of electron microscope that generates images by scanning the 

surface of a sample with a focussed beam of electrons. Based on the interaction of the electron beam 

with the surface topography, different signals with varying intensities are generated and detected to 

produce an image. The device used is a Gemini Ultra Plus from Carl Zeiss NTS GmbH, Germany. The 

resolution of a SEM is very high compared to a light microscope and is used to compare the 

microstructures of CMCs where all the constituents namely fibre, matrix, pores, and fibre coating (when 

present) can be visualised. The images are then to be processed further to quantify the information such 

as area fraction of constituents, fibre diameter distribution, pore or crack size, etc. In this chapter, the 

cracks are segmented out from the images and their size distribution is compared for different variants 

of C/C-SiC. 

Image Processing 

Image processing was used in the current work to extract information from the SEM images of the 

material under investigation. This was required to be able to validate the results obtained from the finite 

element simulations. Such techniques are also reported in literature for other fibre-reinforced composite. 

Gelb from Zeiss X-Ray Microscopy investigated structure-property relationship in a carbon-fibre 

composite [45]. Fibre shape and size distribution were extracted from microscopic images to generate 

realistic virtual microstructures for multiscale simulation. In a similar way, tools were developed by 

Bricker et.al [46] to automate the characterisation and quantification of the microstructure of SiC/SiNC. 

Microstructural models were then generated based on this information to perform finite element 
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analysis. In extension to this work, an anomaly detection method was developed by Bricker et.al [47] to 

describe the relative orientation of the fibres. With the help of a probability density function (PDF), the 

anomalies were classified by their likelihood of belonging to the statistical normal behaviour of a 

particular feature. In the work of Xu et.al, [48] a 4-step machine learning method was used to determine 

the most important descriptors or features required to define microstructure of polymer nanocomposites 

and thus eliminating redundant microstructural descriptors via image analysis. Supervised learning 

techniques were then used to establish a relationship between the microstructural features and the 

material properties. 

In the current work, Python library Scikit-Image was used to extract and quantify microstructural 

features obtained from SEM images. Though, only crack density in a SEM image was quantified in this 

chapter, image segmentation can be extended to extract other features as well based on the information 

available in the SEM image. For example, the quantification of the distance between the centre of the 

fibres was performed for a SEM image obtained for a carbon fibre-reinforced ZrB2-SiC matrix, as shown 

in Figure 2.5. As a first step, the fibres were detected based on the contrast between the fibres and the 

matrix. After that, circles were fitted to detect the fibres and the average of the distance to all the nearest 

fibres was evaluated for each fibre. Based on the distribution of the data, the distribution parameters can 

be used to generate a virtual microstructure to perform further numerical analysis. 

 

Figure 2.5: Evaluation of probability density function (PDF) of the distance between the centres of the fibres present in 

the SEM image. 

2.4 Results and Discussion 

As aforementioned, the characterisation of the resin material was done to gain input parameters for the 

FEM models. A mesh convergence study was carried out to investigate the effect of mesh size on the 

FEM solution and to find optimum mesh size without compromising with the accuracy of simulation 

results. The microstructure of manufactured material was studied with the help of scanning electron 

microscope (SEM). Image segmentation method has been employed to differentiate and quantify the 
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two common microstructures observed in C/C-SiC material: 1) presence of carbon fibres in carbon 

matrix blocks without any debonding as a result of strong fibre/matrix interface and 2) presence of 

micro-cracks with fibre-matrix debonding as a result of weak fibre/matrix interface. The results from 

SEM images are then compared with the results obtained from FEM model with random fibre 

distribution. 

2.4.1 Matrix Properties 

Dilatometry and thermogravimetric analysis: 

Coefficient of thermal expansion as a function of temperature was determined through dilatometry. Due 

to massive shrinkage of the resin sample of about 10%, the change in length of the sample could only 

be measured in the range 150°C to 600°C. The sample shrank outside the range of measuring area. This 

phenomenon is not observed in the fibre-reinforced resin since the shrinkage is blocked by the embedded 

fibres in the matrix. 

 

 

Figure 2.6: a) Thermal expansion coefficient (Ŭ, left y axis) and ratio of change in length to original length (right y axis) 

as a function of temperature; b) mass yield as function of temperature. 

It must be kept in mind that the resin sample was cured at 150°C under pressure of 20 bars and might 

still contain condensed products trapped within it. The sample, after shrinking from 150°C, starts to 

expand again at around 300°C. A plausible explanation might be shrinkage due to vaporisation of 

monomers and steam till 300°C, since it is a water-based resin [38]. After this initial shrinkage and 

cross-linking of molecules, the resin sample starts expanding till 350°C after reaching its glass transition 

temperature at around 300°C. The sample starts shrinking again till 600°C, which marks the range of 

major pyrolysis (as shown in Figure 2.6 (a)). Complimentary to dilatometric measurements, mass loss 

of the matrix sample under high temperature was also studied with the help of thermogravimetric 

analysis. The results are shown in Figure 2.6 (b), where ά is the mass at a given temperature and ά  is 

the initial mass of the sample. The mass yield is around 51% at 600°C, which decreases to 46% at 

1500°C. Since the major mass loss takes place till 600°C, the assumption during the modelling that the 
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major pyrolysis takes place below 600°C, is fairly reasonable. The average coefficient of thermal 

expansion was calculated to be -0.7e-4 K-1 over the range between 150°C and 600°C. The negative sign 

indicates that the material shrunk during the pyrolysis process. The temperatures can go as high as 900°C 

during pyrolysis but as explained above, the range of 150°C to 600°C has been considered for modelling 

purposes. 

Nano-Indentation: 

Nano-indentation measurements were performed in order to obtain the Youngôs modulus of cured resin 

material. Term   is obtained from the load-unload curves after applying a force (0) to obtain 

indentation depth (È). The Youngôs modulus can then be calculated, according to Oliver and Pharr, as 

follows.[49] 
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The obtained modulus includes the stiffness of both the sample and the diamond indenter which has 

been used in this test set-up. To evaluate the Youngôs modulus of the matrix material, a correction of 

the value is required and is proposed by Oliver and Pharr[49] as: 
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where ʑ denotes the Poissonôs ratio and the index É denotes the indenter properties. 

Youngôs Modulus of matrix at room temperature was measured to be 3.7 GPa. Youngôs Modulus of 

amorphous carbon (after pyrolysis) measured by Jenkins and Kawamura [50] turned out to be 40 GPa. 

Since the temperature dependence of the Youngôs Modulus of the matrix was not measured, an average 

value of 3.7 GPa at room temperature and 40 GPa at 600°C was taken and a resulting value of 21.9 GPa 

was used for the calculations. 

Other elastic properties, such as strength and Poissonôs ratio are taken from literature and are mentioned 

in  

Table 2.1. 
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2.4.2 Constituent Properties 

The elastic and physical properties of fibre are taken from literature and are listed together with the 

matrix properties in 

Table 2.1. 

Table 2.1: Thermo-elastic and physical properties of fibre and matrix used in FE-Modelling. 

Properties Unit  Value 

Fibre 

Fibre Diameter [51] ɛm 5 

Youngôs Modulus (transverse direction)[52] GPa 14.1 

Poissonôs Ratio[52] - 0.24 

Coefficient of thermal expansion (transverse direction)[51] K-1 3.8e-6 

Matrix 

Youngôs Modulus (measured) GPa 21.9 

Poissonôs Ratio [53] - 0.35 

Coefficient of thermal expansion (measured) K-1 -0.71e-4 

Strength (post-curing) [54] MPa 200 

 

2.4.3 Effect of weak and strong interface 

The model with effectively one fibre embedded in the matrix was used to perform mesh convergence 

study and fit the parameters to model crack growth with varying fibre-matrix interface properties. The 

critical crack opening displacement at both matrix-matrix and fibre-matrix interface was a crucial factor 

in deciding the convergence of the model. The mathematical relation between the nodes provided by 

Hookeôs Law gets destabilized after activation of cohesive zone elements and the number of equations 

to be solved increases and results in loss of convergence. The value of critical opening displacement 

was varied between 10 nm and 1 ɛm. The strength at fibre/matrix interface is a difficult value to evaluate 

and for study purposes a value 5 times higher than the matrix strength was taken as strength of strong 

interface (1 GPa) and a value 5 times lower than the matrix strength (200 MPa) was taken as strength of 

weak interface (40 MPa). Although, the focus of the current work is on the modelling of major crack 

patterns discussed in the introduction, there might be material variants with interface strengths between 

the extreme values used in the current work and exhibit a microstructure with presence of both the major 

crack patterns observed in SEM images. 

RVE with symmetrical packing of fibres: 
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Firstly, a RVE with symmetrical packing of fibres was investigated to fit the parameters which can 

model the crack development behaviour of the material, as shown in Figure 2.2. Since the number of 

elements is considerably small, higher number of variations can be tried out to define the final 

parameters which are then implemented in the realistic model with random packaging of the fibres. 

Prior to introduction of cracks into the model, stress distribution within the microstructure was examined 

in order to detect the critical stresses in the microstructure. It also serves the purpose of validation of the 

crack growth model in terms of crack initiation sections. One of the basic assumptions in Griffithôs 

theory of brittle fracture is that a material always contains randomly distributed initial flaws within a 

material. These flaws are the origin for further crack propagation. Flaws in the material are mainly 

stress-induced cracks and pores due to vaporisation of volatile products and consequent shrinkage of 

matrix during pyrolysis. With no pre-existing cracks, the elastic energy which is required to initiate a 

crack in the material becomes equal to cleavage energy of the material [55]. This can be regarded as a 

constant material property which depends on the materialôs atomic constituents and their interaction 

with each other. Thus, the condition to initiate a new crack is reduced to the stress state in the material. 

The stress which exceeds the material strength in this model leads to the initiation of a microcrack and 

is referred to as critical stress. In this work, microcracks are defined as cracks which are caused by high 

stresses and experience no or very little growth. These microcracks are the first step of damage and 

origin for the formation of larger cracks and the final crack pattern. 

The influence of strong and weak fibre/matrix interface strength is shown in Figure 2.7. In Figure 2.7 

a), a microstructure with strong fibre/matrix interface strength is illustrated and there is no fibre/matrix 

debonding at their interface and all the cracks are present within the matrix. The symmetric nature of 

cracks is due to boundary conditions where displacement is fixed on all the four edges. On the other 

hand, fibre/matrix debonding takes place in the microstructure with weak fibre/matrix strength. Some 

cracks are also visible in the matrix with weak fibre/matrix interface which evolve because of stresses 

within the matrix during fibre matrix debonding and the fixed nodes on the edges of the RVE. The lack 

of symmetry in the crack pattern despite symmetric mesh is attributed to numerical errors in the solution 

of finite element problem. The aim of this ideal microstructure is to find the parameters like convergence 

tolerance, optimum no. of iteration and solver type to achieve convergence within reasonable amount of 

computation time. 
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Figure 2.7: Crack formation in an ideal RVE with a) strong fibre/matrix interface and b) weak fibre/matrix interface, 

where óFô denotes fibre and óMô denotes matrix. 

RVE with asymmetrical packing of fibres - I  

The parameter fitting performed with the help of model discussed in previous section are then 

implemented in a microstructure with random distribution of fibres and the resulting crack pattern has 

been compared with SEM images of the C/C sample after pyrolysis. 

As aforementioned, crack patterns observed in microstructure of C/C material are crucial for the final 

microstructure and consequently the damage tolerant behaviour of C/C-SiC. Until now, it has only been 

optically inspected if a combination of fibre, matrix and manufacturing parameters results in a block 

structure or micro cracks within the matrix. An attempt has been made in current work to analyse the 

SEM images with the help of image segmentation technique so that crack patterns can be classified 

based on the values obtained from image segmentation algorithms. These algorithms help in comparing 

different SEM images and grade them based on a quantifiable criterion. 

The image segmentation script has been written using Python 3.7 with the help of image processing 

libraries óOpenCVô and óScikit-Imageô. In the first step, the image is converted into black and white 

from grey scale where cracks are marked white, and the rest of the area is coloured black in order to get 

proper contrast to evaluate the pixel values. Each conglomerate of white pixels is then detected and 

assigned as one crack. Cracks, which are assigned in the previous step, are now single entities and their 

properties such as area, perimeter, etc. can be obtained from the script. For the current investigation, the 

number of pixels in a crack was evaluated for each crack and was converted into crack area. 

In Figure 2.8, a comparison between SEM image and simulation results of C/C sample with weak fibre-

matrix interface has been shown. Resin material used in this C/C sample was JK60. Fibre-matrix 

debonding due to weak interface is evident in both the images. The size of the microstructure under 
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consideration is 33 x 44 ɛm2 in the case of SEM image and 50 x 50 ɛm2 in the model. Figure 2.9 shows 

the distribution of cracks in the range of 0.5 to 4 ɛm2. The total number of detected cracks, as shown in 

Figure 2.9, in the case of SEM image is 57 and in simulation 55. The blue digits below the óx-axes 

denote the number of cracks present in that particular range. It can be concluded from the plots that most 

of the cracks are microcracks which form because of dissipation of thermal stresses during pyrolysis. 

 

 

Figure 2.8: Comparison of a) simulation results of C/C material with weak fibre/matrix interface with a b) SEM image. 

 

 

Figure 2.9: Comparison of the crack area distribution between a) simulation results and b) SEM image obtained for 

material with weak fibre/matrix interface (JK60 resin). 

On the other hand, in Figure 2.10, there are very few cracks observed in the SEM image of a material 

with strong interface where MF43 was used as resin material. Contrary to SEM image with 3 cracks, 

b) a) 

a) b) 




















































































































































































































































