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Abstract 

 

Carbon fibre reinforced polymers (CFRP) are one of the prospective material 

families being investigated for use in the fuel tanks of future reusable launch 

vehicles (RLVs). The extreme cryogenic thermo-mechanical loading that these 

structures experience can lead to damage build-up in the CFRP in the form of 

microcracking and delamination, which can lead to increased laminate permeability. 

This work presents a combined experimental and numerical approach for predicting 

damage and permeability in composite laminates and linerless cryogenic tanks. 

A novel extended finite element (XFEM)-based methodology for the combined 

simulation and prediction of thermal fatigue delamination for identification of 

delaminated crack opening displacement (DCOD) and, hence, composite laminate 

permeability is presented first. The methodology is validated through simulation of 

standardised static and fatigue delamination test methods, using computationally 

efficient modelling techniques. Delamination growth in a quasi-isotropic laminate 

under cryogenic fatigue loading is used to examine the effects of initial interlaminar 

defects on subsequent crack growth, as well as the relationship between delamination 

length and material permeability based on DCOD values predicted by the new 

methodology. 

An experimental investigation into damage formation in CF /PEEK laminates before, 

during and after cryogenic cycling, using optical microscopy and three-dimensional 

X-ray computed tomography (CT), is conducted. Thicker laminates were found to 

exhibit significantly greater microcrack density and delamination when compared to 

thinner laminates, with lay-up and material type also being important contributing 
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factors. Microcracking induced by thermal residual stresses was also observed in 

thicker laminates following processing. 3-D rendering software was used to establish 

the presence of through thickness crack networks within the laminates, as well as the 

extent of cracking through the specimen width. Crack opening in inner and off-axis 

ply groups was found to be significantly less than in outer plies, indicating the 

importance of these plies for limiting laminate permeability. The presence of voids 

was found to influence crack nucleation and growth paths within the laminates, with 

full void volume characterisation presented. 

A novel computational methodology for predicting three-dimensional microcracking 

and permeability in composite laminates is presented based on experimental 

observations and established numerical methods. The methodology simulates (i) 

microcrack initiation and propagation using XFEM, and (ii) delamination, using a 

mixed-mode cohesive zone model. Random microcrack initiation is modelled using 

a random (Weibull) distribution of fracture strengths. The Weibull distribution is 

adjusted to account for specimen volume, allowing mesh independent crack density 

predictions.  An alternative method is also investigated, based on an elemental 

representation of defects using measured void geometry. The predicted 

microcracking and damage distributions are shown to correlate closely with 3-D X-

ray CT scans of cryogenically cycled specimens. Crack opening displacements are 

consistent with laminate test measurements. Permeabilities, based on the dimensions 

of the leak paths, were found to be within the measured range for various CF/PEEK 

materials. 

Finally, a combined experimental and numerical approach to the design and analysis 

of tape-laid composite cryogenic tanks is presented. A detailed material and defect 

characterisation of automated tape-laid CF/PEEK was undertaken using optical 

micrography and 3-D X-ray CT, as well as cryogenic testing to investigate damage 

formation. Resulting material data is used as input to a novel XFEM-cohesive zone 

methodology which is used to predict intra- and inter-ply damage in an internally 

pressurised cryogenic tank. An optimised tank lay-up is presented and tested using 

the numerical method to ensure resistance to microcrack formation and fuel leakage 

through the tanks walls under operating loads. 
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1. Introduction 

 

1.1 Chapter summary 

An order of magnitude drop in launch costs is an objective of the next generation of 

space launch vehicles. The reduction of vehicle structural weight is one of the ways 

of achieving this aim. Carbon-fibre composites are seen as a light-weight alternative 

to traditional metallic alloys in the aerospace industry and their use could lead to 

significant weight savings, specifically in relation to the large cryogenic fuel tanks 

used for these vehicles. 

Given the novelty of these composite materials and their associated processing 

techniques, their performance under the extreme thermo-mechanical loading 

experienced within a cryogenic tank is poorly understood. These materials are 

particularly susceptible to sub-critical damage modes which can lead to the 

formation of extensive crack networks through the tank wall, facilitating fuel 

leakage. The accurate prediction of damage accumulation and permeability in 

composite materials is therefore essential to the safe and economical design of these 

structures. 

An overview of current space transportation methods and costs is provided in 

Section 1.2. Section 1.3 describes cryogenic fuel tank design, while Section 1.4 

discusses the damage modes which can arise due to the thermo-mechanical loading 

of composites and their effect on tank permeability. Section 1.5 provides a summary 

of methods used to numerically model damage formation in composite laminates. 
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Section 1.6 gives an overview of the main thesis objectives and aims, whereas 

Section 1.7 outlines the contents of each chapter of the thesis. 

 

1.2 Space transportation and associated costs 

Transporting a payload from earth into orbit remains an exceedingly complex task, 

despite being several decades since it was first achieved. The vast resources and 

infrastructure required to facilitate routine space launches has meant that space 

transportation, and human space exploration in general, has been confined to all but 

the largest nation states. However, the recent growth of the commercial space 

industry, including the use of privately built launch systems [1], has renewed the 

need for safe and economical space launch solutions.  

Since the beginning of the space age, the primary mode of space transportation has 

been expendable chemical rockets. Such launch systems are typically comprised of 

solid rocket boosters and/or external fuel and oxidiser tanks attached to the launch 

vehicle. These components are then jettisoned before the vehicle attains orbit. The 

current cost of transporting payload to space using this method is approximately 

€15,000/kg [2]. Through their respective future launch vehicle programs [3, 4], the 

National Aeronautics and Space Administration (NASA) and the European Space 

Agency (ESA) have communicated the need to move towards more cost effective 

and sustainable launch systems. Specifically, NASA requires its 2
nd

 generation 

launch system to reduce costs by a factor of 10 over its predecessor [3].  

The development of reusable launch vehicles (RLVs) is key to achieving these 

dramatic cost savings, with an increase in launch frequency being linked to lower 

overall transport costs per launch [5]. A significant reduction in vehicle structural 

weight is also required, which will rely on the development of new materials, 

technologies and processing techniques. Due to the relative contribution of the tank 

to the total vehicle dry weight, which currently stands at up to 50% [6], a durable and 

lightweight fuel tank design will be central to meeting these requirements. 
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1.3 Fuel tank design 

Fuel tanks are a major structural component of all space launch vehicles (SLVs) and 

are critical to the safe and efficient operation of these vehicles. Their design is 

primarily influenced by payload requirements, propellant choice, construction 

materials and manufacturing processes. 

 

1.3.1 Rocket engine propellant 

Solid and liquid propellant chemical rockets are two of the most widely used forms 

of propulsion for SLVs. Due to their higher propellant density, solid propellant 

rockets offer the advantages of compact design and ease of storage. However, for 

high performance applications including the Space Shuttle and Ariane V, the greater 

specific impulse offered by liquid propellants such as a liquid hydrogen (LH2) and 

liquid oxygen (LO2) combination is necessary [7]. Crucially for RLVs, liquid 

propellant rockets are controllable and can be shut down and restarted when 

necessary. 

As a fuel, LH2 has the benefit of an extremely high specific energy. However, its low 

specific density offsets this to an extent, resulting in a relatively low volumetric 

energy density. This requires LH2 to be stored in a deeply cryogenic state (-253 °C) 

in order to minimise storage volume. Significant insulation around the tank is also 

needed to slow boil-off of the liquid, which can contribute to internal tank pressure 

loads in excess of 200 kPa [8]. The propellant oxidiser, LO2, has similar storage 

requirements, albeit at a higher temperature of (-183 °C). 

 

1.3.2 Construction materials and processes 

Liquid propellant fuel tanks essentially act as cryogenic pressure vessels. The 

construction materials used for these vessels must be capable of resisting extreme 

cryogenic temperatures, high internal pressure loads and operational loads associated 

with take-off and landing. They must also be impermeable and chemically resistant 

to the contained cryogens.  
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Metallic alloys are currently the material of choice for cryogenic tanks in the space 

industry. In particular, aluminium/lithium (Al/Li) alloys have found favour in more 

recent applications, including the Space Shuttle’s ‘superlightweight’ (SLWT) main 

liquid fuel tanks [9]. These high strength and high fracture toughness materials offer 

good damage resistance, despite the extreme operating conditions. They also show 

minimal susceptibility to hydrogen embrittlement [10, 11]. The processing and 

development costs associated with these alloys are relatively low, due to well 

established forming practices for metallic pressure vessels and general familiarity 

with the material behaviour. However, despite the suitability of these advanced 

alloys for cryogenic fuel storage, metallic materials remain a relatively high-weight 

solution. 

In order to achieve the significant weight savings required for next generation SLVs, 

the aerospace industry has turned to carbon-fibre reinforced polymer (CFRP) 

composite materials. Like existing Al/Li alloys, CFRPs have high strength and 

stiffness, high toughness and good chemical resistance. However, they are also 

extremely light-weight materials, meaning they can offer similar performance to 

metallic alloys, with a substantial weight saving. The advantage of CFRPs over other 

aerospace materials in terms of specific stiffness is shown in Fig. 1.1.  

 

Figure 1.1 An Ashby plot of Young’s modulus against density for a range of 

aerospace materials using properties from [12]. 
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Specifically, composites such as carbon-fibre PEEK (CF/PEEK) are being 

investigated for use in cryogenic fuel tanks. CF/PEEK is a high-performance 

thermoplastic carbon-composite material. Thermoplastic composites offer a number 

of advantages over thermosetting composites in terms of the improved range of 

mechanical properties and processing techniques available. Thermoplastic 

composites also offer advantages in terms of component reformability and 

reusability, due to the consistent chemical composition of thermoplastic resins 

throughout processing. Crucially, CF/PEEK exhibits significantly higher fracture 

toughness values when compared to CF/epoxy materials. For instance, Mode I 

fracture toughness values lie in the range of 190 to 400 jm
-2

 for CF/epoxy materials 

and 1,062 to 1,990 jm
-2

 for CF/PEEK materials [13, 14]. This translates to increased 

resistance to damage propagation [15]. Thermoplastics also allow the use of out-of-

autoclave processing techniques such as automated tape laying (ATL), which is 

based on the in-situ heating, melting and consolidation of overlapping composite 

plies. This technique facilitates the manufacturing of large structures, like cryogenic-

tanks, without the capital investment required for an autoclave several metres in 

diameter.  

 

Figure 1.2 A 5.5m diameter composite cryogenic tank prototype under development 

by Boeing [16]. The tank was manufactured using automated tape placement of 

thermoset composites. 

 



 1. Introduction 

6 
 

However, the use of CFRPs for extreme aerospace applications is not without its 

problems. Such materials have a propensity to undergo sub-critical damage build-up, 

in the form of microcracking and delamination, due to severe thermo-mechanical 

loading. Predicting these damage modes and determining their influence on the 

structural performance of components and material behaviour in general, remains a 

difficult task. An example of this is the case of the composite cryogenic fuel tank 

prototype developed for use in the Lockheed Martin X-33 RLV, a demonstrator for 

the VentureStar orbital vehicle. The tank structure comprised inner and outer walls 

separated by a core and was manufactured from a CF/epoxy material, IM7/977-2 

[17]. Tank failure occurred during physical testing due to permeation of LH2 through 

the inner wall of the structure. Subsequent expansion of the cryogen within the core 

lead to an increase in core pressure and catastrophic failure of the entire structure.  

One of the main contributing factors to this failure was found to be the presence of 

an extensive network of microcracks through the thickness of the tank wall, which 

formed a leak path for the cryogen to escape [17]. Further testing confirmed that the 

permeability of the pristine tank walls increased from approximately 3 × 10
-6

 to 3 × 

10
-3

 scc/sec-in.
2
 when the tank underwent fuelling. This complex interaction of 

damage modes was not anticipated by designers. The test programme was cancelled 

in 2001, leading to a surge in interest in the cryogenic performance of composite 

materials, in particular microcracking and permeability. 

 

1.4 Damage and failure of composite cryogenic tanks 

Following the failure of the X-33 RLV fuel tank, there has been renewed interest in 

the damage accumulation behaviour of composites under severe thermal and 

mechanical loading. This incident revealed the major impact that sub-critical 

damage, in the form of microcracking and delamination, can have on composite 

structures. Taken by themselves, these damage modes do not typically constitute full 

structural failure. However, this damage build-up can lead to a number of 

undesirable effects such as a multi-directional reduction in strength and stiffness, 

increased susceptibility to attack from solvents and the formation of gas leakage 

paths through the material. 
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1.4.1 Transverse microcracking 

Intra-laminar failure, in the form of transverse microcracking in off-axis plies, is 

usually the first noticeable damage mode encountered in composite laminates. These 

cracks typically form transverse to the direction of loading and run parallel to the 

fibre direction in a composite laminate. This damage mode is confined to the matrix 

of a composite material and generally occurs at a load level far below that required 

for fibre failure. A detailed overview of matrix microcracking in composite materials 

is given by Nairn [18]. Fig. 1.3 shows a cross-section view of a transverse 

microcrack in a damaged laminate. 

 

Figure 1.3 An optical micrograph of a transverse microcrack running through the 

matrix in the outer ply of a damaged laminate. The fibres in the outer 90° ply are 

orientated perpendicular to those in the adjacent 0° ply and to the plane of the cross-

section cut. 

 

Due to the multi-axial nature of the thermo-mechanical loading experienced in 

cryogenic tanks, transverse microcracks may form in both the outer and inner ply 

groups of laminates simultaneously [18, 19]. The inherent inhomogeneity of 

composite materials and the presence of manufacturing defects can mean that these 

microcracks may form below the failure strength of the bulk material [20]. Factors 

such as laminate stacking sequence, laminate thickness and component geometry can 

also affect transverse microcrack initiation and propagation in composites [21-23].  
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1.4.2 Delamination 

Delamination is a form of inter-laminar damage. It typically occurs after an initial 

level of microcracking has developed, due to increased amplitude of loading or the 

occurrence of subsequent thermo-mechanical load cycles. Like transverse 

microcracking, delamination involves the matrix of a composite. However, 

delaminations tend to initiate and propagate along the interface between two adjacent 

ply groups and arise due to the action of tensile and/or shear forces. Fig. 1.4 shows a 

delamination at the free edge of a laminate, between two ply groups. 

 

Figure 1.4 An optical micrograph of delamination between 0° and 90° ply groups in 

a damaged laminate. 

 

Delaminations may initiate from existing transverse cracks or from the free edges of 

laminates. Laminate delamination is a more severe mode of damage due the multi-

directional loss of stiffness that results from the debonding of plies. This is in 

contrast to transverse microcracking, where the laminate structure remains intact 

despite a localised stiffness reduction. They also play a role in the formation of crack 

networks through the thickness of laminates by connecting staggered microcracks in 

adjacent plies. 
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1.4.3 Crack networks and permeability 

The leakage of liquid or gas from a cryogenic fuel tank constitutes structural failure 

and can have serious implications for mission safety. Although it is possible for 

leakage to occur through pristine laminates via natural diffusion processes, the 

presence of damage drastically increases permeability. This is because the formation 

of through-thickness crack networks allows a direct path for fluid to flow through the 

tank wall, as shown in Fig. 1.5.  

 

Figure 1.5 Overlapping transverse microcracks leading to the formation of a leak 

path through a laminate. 

 

Although the existence of delaminations are not a prerequisite for the formation of 

these leak paths, their interaction with other damage modes can lead to increased 

permeability. For instance, delaminations which have initiated and propagated in the 

vicinity of transverse microcracks have been found to increase the crack opening 

displacement (COD) of these transverse cracks [24, 25]. This increased crack 

opening, or delaminated crack opening displacement (DCOD), as shown in Fig. 1.6, 

in turn leads to larger overlap areas between microcracks in adjacent plies, allowing 

higher leak rates. Delaminations can also act to link non-overlapping transverse 
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microcracks, thereby ensuring the continuation of a leak path which otherwise would 

have been arrested at a ply interface.  

 

Figure 1.6 Optical micrographs showing the measurement of the crack opening 

displacement of a transverse microcrack (COD) (left) and the delaminated crack 

opening displacement of a transverse microcrack (DCOD) (right). 

 

1.5 Numerical modelling of damage in composites 

Due to the complex, orthotropic behaviour of fibre-matrix materials, predicting the 

performance of composite structures generally requires significant computational 

effort. Thus, finite element analysis (FEA) is commonly used to model composite 

materials. This analysis technique allows designers to simulate full-scale testing of 

components without the need for costly physical testing over many design iterations 

and is of particular benefit for large structures such as cryogenic fuel tanks.  

Detecting sub-critical damage accumulation, in the form of microcracking and 

delamination, in composite components is a difficult and time consuming task [26, 

27]. In some cases, due to crack closure or because of thick laminate sections, 

damage may be undetectable by ultrasound or X-ray scanning techniques. This 

highlights the need for accurate crack initiation and propagation prediction during 

the design process. Prior knowledge of which composite lay-ups best resist 

microcrack initiation, of how through-thickness crack networks will form, or even 

where damage is most likely to occur first within a structure, will lead to safer and 

more cost-effective designs. 
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Although damage modelling for composites can be carried out at micro- and macro-

levels, a meso-level, or ply-by-ply approach, allows the simulation of individual 

damage modes such as transverse microcracking and delamination, whilst still 

remaining applicable to large-scale structures. A detailed review of meso-level 

modelling of failure in composite laminates is given by van der Meer [28]. Due to 

the quasi-brittle nature of many composite materials, linear elastic fracture 

mechanics (LEFM) is often used to model crack growth. Cohesive zone modelling, 

based on traction-separation curves to describe failure behaviour, has also been 

applied extensively to composite materials.   

Numerous challenges exist in modelling the multiple interacting damage modes in 

composites simultaneously. Specific techniques used to model inter-laminar failure 

include the virtual crack closure technique (VCCT) and the use of special cohesive 

elements at the interface region. Predicting delamination growth is simplified by the 

fact that the crack path is generally constrained to the interface region of the 

laminate, but its initiation point must still be determined. Simulating transverse 

microcrack initiation and growth is a more complex task, due to the inherently 

random nature of crack nucleation, whereby multiple microcracks may grow in 

different directions through a laminate. However, the recent development of the 

extended finite element method (XFEM) has removed the need for crack initiation 

points and propagation paths to be defined a-priori, leading to the possibility of 

combined, random, intra and inter-laminar damage models for composite laminates. 

 

1.6 Thesis motivation and aims 

In order to substantially reduce launch costs, the next generation of RLVs must offer 

extensive weight savings over current designs. The development of light-weight 

composite cryogenic fuel tanks using advanced materials is key to achieving this 

goal. In order to understand and predict the performance of these composite 

structures, new modelling techniques are necessary.  This thesis aims to address the 

micro-damage effects of the launch vehicle fuel on thermoplastic cryogenic tanks 

through novel numerical models for the prediction of microcracking and 

delamination and the resulting permeability of thermoplastic materials. 
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The main aims of the thesis are: 

1. To develop a numerical methodology to model delamination in composite 

materials and to validate and calibrate the model with experimental test data. 

2. To experimentally characterise the general structure and defects present in 

CF/PEEK laminates and to fully characterise damage formation in these 

laminates under representative cryogenic loading. 

3. To develop a novel, full 3-D numerical methodology capable of accurately 

predicting microcracking, delamination and permeability in composite 

laminates and to compare output with experimental data generated during the 

course of the work and from industry collaborators for CF/PEEK materials.   

4. To scale the developed methodology to predict the permeability of linerless 

composite cryogenic tanks processed using out-of-autoclave technologies and 

to design an optimised tank lay-up to minimise cryogen leakage under 

expected operating loads. 

By achieving these aims, this thesis presents a novel methodology for damage and 

permeability prediction in composite materials, allowing for safer, more economical 

cryogenic fuel tank design. 

 

1.7 Thesis overview 

Chapter 2 provides a review of the relevant experimental and numerical methods 

used in the analysis of damage and permeability in composite materials. Chapter 3 

introduces a novel two-dimensional XFEM-based methodology for the combined 

simulation and prediction of thermal fatigue delamination for identification of 

delaminated crack opening displacement (DCOD) and, hence, composite laminate 

permeability. This method improves on existing permeability prediction techniques 

by allowing direct simulation of delamination growth and DCOD at transverse 

microcracks, in place of assuming a fixed delamination length prior to an analysis.  

Chapter 4 describes the cryogenic testing of CF/PEEK laminates. A detailed 

analysis of the results of this experimental work, including defect distributions 

within the material and damage accumulation due to cryogenic cycling, is presented. 
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In Chapter 5, a fully three-dimensional modelling methodology for predicting 

transverse microcracking, delamination and permeability of composite laminates is 

developed. The methodology simulates microcrack initiation and propagation using 

XFEM and delamination using a mixed-mode cohesive zone model. Random 

microcrack initiation is modelled using a random (Weibull) distribution of fracture 

strengths and also by an alternative method based on an elemental representation of 

defects using measured defect geometry. 

Chapter 6 examines the use of tape-laid CF/PEEK for cryogenic tanks. Detailed 

material characterisation is carried out using methods similar to those described in 

Chapter 4. The methodology developed in Chapter 5 is expanded upon and used to 

model damage accumulation in tape-laid cryogenic tanks, with the resulting damage 

and permeability being compared with cryogenically cycled test specimens. The 

main results of the thesis are discussed in Chapter 7 and include design 

recommendations for composite cryogenic fuel tanks for RLVs. 
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2. Background 

 

2.1 Chapter summary 

Research into advanced polymer composite materials has increased substantially in 

recent years as such material systems have emerged as viable alternatives to 

traditional metallic materials in a range of industries. The inherent complexity of 

composite materials has required the adoption of existing experimental 

characterisation techniques to better understand material behaviour, as well as the 

development of novel simulation techniques capable of predicting multiple damage 

modes simultaneously. This chapter provides an overview of the main developments 

and remaining gaps in the area of composite damage research from both 

experimental (Section 2.2) and numerical modelling (Section 2.3) viewpoints. 

Section 2.2.1 describes techniques which have been used to investigate the internal 

structure of composite materials, including characterising the defects present in 

processed laminates. Section 2.2.2 summarises previous work into damage 

formation in composite laminates due to cryogenic loading, with Section 2.2.3 

focusing on studies which have linked damage formation to permeability in 

physically tested specimens. Section 2.3.1 introduces some of the commonly used 

methods for numerical prediction of delamination in composite laminates, as well as 

the limitations of these techniques with respect to modelling other failure modes. 

The challenges associated with developing combined damage models which can 

account for both intra- and inter-laminar failure are discussed in Section 2.3.2, while 
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Section 2.3.3 focuses on the gap between existing permeability prediction techniques 

and developments in realistic crack network simulation methods. 

 

2.2 Experimental characterisation of cryogenically 

cycled laminates 

In recent years, aerospace applications such as cryogenic fuel tanks have driven 

much of the research into the effects of cryogenic temperatures on composite 

materials. Due to the relative novelty and complexity of advanced composites such 

as CF/PEEK, the damage initiation and growth mechanisms for these materials 

remain poorly understood, particularly in low temperature environments. Research to 

date has generally been focused on the cryogenic cycling of composite laminates in 

order to induce sub-critical damage, primarily in the form of matrix microcracking. 

Permeability testing of cryogenically cycled laminates often takes place in 

conjunction with microcrack analysis. However, the difficulty in detecting the 

presence of internal through-thickness crack networks in damaged laminates has 

hindered progress in relating the level of microcracking in a damaged laminate to its 

permeability. A thorough understanding of the formation of these crack networks, 

and their relationship with laminate permeability, is critical to the design of 

composite cryogenic fuel tanks and is being actively pursued.  

 

2.2.1 Characterisation of composite materials 

The physical properties of composite laminates are highly dependent on processing 

techniques and parameters. Ply-level defects such as voids, inclusions and resin-rich 

areas (Fig. 2.1), which may arise during the autoclave or tape-laying processes, can 

alter the thermo-mechanical response of the laminate as a whole. Additionally, the 

presence of significant thermal residual stresses in thermoplastic composites such as 

CF/PEEK can lead to damage formation in laminates prior to testing. Detailed 

characterisation of the general structure of laminates post-processing is, therefore, an 

important step in determining the damage accumulation behaviour of the material 
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upon physical testing and is essential to development of representative numerical 

models. 

 

Figure 2.1 An optical micrograph of a CF/PEEK laminate showing some common 

defects including voids, resin-rich areas and inclusions. 

 

The influence of micro-defects on the macro properties of laminates is a well-studied 

topic. Voids, often being the most numerous and detrimental discontinuity present in 

composites, have received the most attention. Void formation occurs due to the 

presence of entrapped air within the prepreg and between plies as well as volatiles 

within the material, which are released during the curing cycle. Volatiles can take the 

form of residual solvents used in the manufacturing of the prepreg as well as 

volatiles which have been absorbed into the resin during pre-processing. The level of 

volatiles within a prepreg can depend on whether a thermoset or thermoplastic resin 

is used, with levels typically far higher in thermosetting resins due to the chemical 

changes which occur in these materials during processing. These voids can act as 

crack nucleation points within the laminate and can alter the properties of a laminate 

to a large degree, depending on the total void content present. A number of studies 

have shown that increased porosity in laminates leads to reductions in strength and 

modulus of up to 25% for void volume contents greater than 3% [1-6], as well as to 

changes in thermal expansion behaviour [7]. Furthermore, the spatial distribution and 

the effect of void morphology on properties must also be considered. Numerical 

simulations have been carried out showing the influence of individual void 

orientation and aspect ratio on inter-laminar crack growth [8, 9] and laminate moduli 

in the longitudinal and transverse directions [10]. However, it is only recently that 
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advances in non-destructive testing (NDT) techniques, such as 3-D X-ray computed 

tomography (CT), have allowed full spatial and morphological characterisation of 

voids, therefore experimental verification of these models remains lacking in the 

literature. 

The porosity of laminates is generally characterised in terms of void volume content 

as a percentage of the total specimen volume. Void volume contents on the order of 

several % are acceptable for some non-critical applications; however porosity levels 

above 1% are generally not considered acceptable for the aerospace industry [1]. 

Numerous methods exist to evaluate composite porosity, with varying accuracy. 

NDT techniques such as optical microscopy and X-ray CT (Section 3.3) have been 

shown to provide greater accuracy over other conventional characterisation 

techniques such as Archimedes Theoretical versus Actual Density [11] and 

destructive techniques such as matrix burn-off and matrix digestion [12].  

Optical microscopy is widely used due to the relative simplicity of the technique and 

the equipment required for analysis. However, due to the 2-D nature of the 

technique, multiple cross-sections of the material are required in order to achieve a 

representative sample for void characterisation [11, 13]. This can lead to a time 

consuming analysis process, as well as leaving the technique open to the inherent 2-

D bias of cross-section analysis. Advances in technology and reduction in equipment 

costs has seen the emergence of 3-D X-ray CT as the pre-eminent method of void 

characterisation. This technique, which is based on the attenuation of X-rays as they 

pass through phases of differing density in a scanned specimen, allows voids to be 

isolated from the bulk material. The principal advantage of 3-D X-ray CT is that it 

allows a full spatial and morphological characterisation of all voids within a given 

specimen volume. Void characterisation studies have been carried out for 

carbon/epoxy materials using 3-D X-ray CT [11, 14], with the technique consistently 

providing higher fidelity void data when compared to other methods such as optical 

microscopy. The technique has also been used to investigate the role of void volume 

and void morphology in damage initiation and propagation, with studies relating the 

reduction in fatigue life to larger voids for glass/epoxy wind turbine blades [15] and 

the reduction in strength of carbon-epoxy curved beams to certain critical areas of 

porosity [16]. Although 3-D X-Ray CT offers extremely powerful material 

characterisation capabilities, detailed void characterisation data for a range of 
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composite materials, particularly thermoplastics, remains unavailable at this time, 

due to the novelty and relative complexity of the approach. 

Foreign matter can be unintentionally introduced into composite laminates during 

manufacturing and processing. Like voids, inclusions can act as crack initiation 

points within laminates and are generally seen as detrimental to the mechanical 

properties of a composite. Foreign objects such as metallic scrap material and 

backing paper can sometimes be found embedded within a ply or between plies. The 

accidental inclusion of foreign material is more common during the hand lay-up of 

laminates when compared to more modern, machine-based, processing techniques 

due to the increased likelihood of operator error in following processing instructions. 

Processing composites in a cleanroom can help reduce the likelihood of foreign 

matter inclusion within processed laminates. Inclusion characterisation can be 

carried out in tandem with void characterisation, with a distinction between the 

defects being made on the basis on density in the case of 3-D X-ray CT. There exists 

minimal published research on full inclusion characterisation for composite 

materials, with a recent investigation into damage evolution in metal matrix 

composites [17], shown in Fig. 2.2, being the exception. Despite this, quantifying the 

volume and distribution of foreign matter within a laminate remains an important 

step in the material characterisation process. 
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Figure 2.2 3-D microstructure of a metal-matrix composite obtained using X-ray CT 

showing voids and inclusions [17]. 

 

Resin-rich areas are another form of material discontinuity commonly observed in 

composites and are defined as regions where there is an excess of polymer compared 

to fibres. These resin areas represent zones of low modulus and strength when 

compared to the laminate as a whole and can therefore influence damage 

accumulation behaviour. As with voids and inclusions, the aforementioned NDT 

techniques can be used to identify and characterise these resin zones. However, due 

to the ill-defined boundaries of these areas, precise dimensions for individual resin 

areas can be difficult to discern. Resin-rich areas, identified by optical microscopy 

and ultrasonic c-scans, have been shown to lead to delamination initiation in 

carbon/epoxy specimens tested in tension [18]. These regions have also proved 

important to the study of failure mechanisms in 3-D woven composites [19]. Due to 

the fundamental structure of multi-axial stitched composites, the resulting resin-rich 

regions are typically larger than those found in more traditional composites. 3-D X-

ray CT has been employed for such material types to identify and characterise resin-

rich areas, with individual resin channels on the order of several mm being observed 

[20] and total resin-rich content on the order of 5% of the total specimen volume 

[21]. 
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Thermal residual stresses, which arise during the cool-down of laminates from 

processing temperatures, can significantly alter the performance of composite 

materials. The magnitude and source of these stresses can vary depending on process 

parameters, material type and laminate lay-up amongst other factors. A detailed 

review of residual stresses in thermoplastic composites is given in [22-24]. 

CF/PEEK composites, due to their high processing temperatures, are particularly 

susceptible to the formation of these stresses. Numerous studies have shown that the 

magnitude of thermal residual stresses in CF/PEEK laminates can represent a 

significant proportion of the transverse and inter-laminar strength [25-28] and in 

some cases exceed it [29, 30]. Reductions in fracture toughness of up to 35% have 

also been recorded for cross-ply lay-ups when compared to uni-directional laminates, 

due to the presence of sizeable residual stress gradients [31]. Therefore, in addition 

to the aforementioned defects, the post-processing characterisation of composite 

laminates must include residual stress induced damage modes including 

microcracking and delamination. 

 

2.2.2 Cryogenically induced microcracking and 

delamination in laminates 

Research into the formation of sub-critical damage modes in composite materials 

covers a wide range of applications and load cases. Extensive work has been carried 

out into microcracking and delamination of laminates under static and fatigue 

mechanical and thermal loading. Despite the broad area of study, a number of key 

factors which influence damage formation in laminates have been identified. The 

stacking sequence and lay-up of laminates has consistently been shown to affect the 

crack density of similarly loaded specimens [32, 33], with laminates containing 

blocked plies generally offering reduced microcrack resistance [34]. Microcrack 

initiation is known to be dependent on total laminate thickness and individual ply 

thickness, with the strain to crack nucleation decreasing with increasing ply 

thickness for a range of glass/epoxy and carbon/epoxy materials [35, 36]. A number 

of researchers have attributed this to the statistical size effect [37-39], whereby the 

probability of failure is higher in a larger volume of material due to the increased 

presence of defects. The role of edge effects in damage initiation for laminates under 
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a variety of thermo-mechanical load cases has also been established [40-43], with 

cracks generally forming at stress levels below the bulk failure strength of the 

material and propagating towards the centre of the specimen upon increased loading. 

The development of cryogenic fuel tanks has been the main driver of research into 

the effects of cryogenic temperatures on composite materials. Being a form of 

thermal loading, the damage accumulation behaviour observed in cryogenically 

cycled specimens exhibits many of the trends outlined above. For cost and safety 

reasons, liquid nitrogen (LN2) is often used in the cryogenic cycling process, 

although some studies have used more exotic cryogens [44]. Bechel et al have 

carried out significant work in this area [32, 45] on a range of carbon/epoxy and 

carbon/bismaleimide materials, cycling specimens between room temperature and     

-196 °C up to 1,000 times. Using optical microscopy and 2-D X-ray scans to observe 

microcrack formation, they made a number of conclusions about damage formation 

in composite laminates. Outer ply crack densities were found to be significantly 

higher than those in inner ply groups. The blocking of laminate plies was also found 

to contribute to increased microcrack densities when compared to inter-laced 

stacking sequences. Adjacent ply groups which were 90° out of phase were also 

found to help arrest through thickness crack formation. In terms of cycling, once 

microcrack initiation had occurred, steady damage accumulation was observed over 

several hundred cycles until ply-level saturation had occurred. Laminates of two 

different thicknesses were also compared, with the thinner being more resistant to 

damage initiation in the early stages of cycling. However, differences in crack 

densities between thicker specimens were found to lessen with increasing cycles.  

The amplitude of the cryogenic cycle used in testing has been shown to be an 

important factor in damage formation in laminates, with no ply-level cracking 

observed in some carbon composites after cycling between room temperature and 

LN2/liquid helium temperature, but steady crack growth observed when using 

elevated temperature cycles [40, 46]. The role of cure temperature as part of the 

overall cryogenic cycle has also been identified as playing a role in damage 

formation, with materials having a higher stress free temperature being susceptible to 

more severe microcracking and delamination [47], as shown in Fig. 2.3. The method 

of cooling specimens to cryogenic specimens has also been questioned; although no 

detailed study has been performed examining the effect of cooling rates on damage 
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formation. However, clear differences in crack growth have been observed in similar 

materials that have been slow-cooled [48, 49] as opposed to the more conventional 

method of direct immersion in the cryogen [32].  

 

Figure 2.3 Variation in crack density with stress free temperature for cryogenically 

cycled carbon/epoxy materials [47]. 

 

Cryogenic temperatures can alter the fundamental material properties of composites. 

The increase in composite laminate transverse and interlaminar strength with 

decreasing temperature is a well-known phenomenon for certain materials and has 

been predicted to strongly influence microcrack and delamination initiation in 

cryogenically cycled laminates [50]. The effect of cryogenic temperatures on 

laminate fracture toughness is highly dependent on material type, with contrasting 

effects, in terms of increased and decreased toughness with temperature change, 

often encountered [51, 52]. Damage accumulation at cryogenic temperatures is also 

dependent on fibre properties; increased microcracking is linked with stiffer fibres 

and with poor fibre/matrix adhesion [53, 54] for example.  

Little work has been carried out on the cryogenic behaviour of CF/PEEK or 

thermoplastics in general, despite the unique set of properties and opportunities these 

materials offer. Experimental testing of APC-2/AS4 CF/PEEK laminates at room 
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and cryogenic temperatures has shown the stiffness and strength properties to remain 

relatively stable over a wide range of temperatures, with only a slight increase in 

laminate transverse strength [55]. However, other studies have shown significant 

decreases in the damage initiation threshold for both microcracking and delamination 

in CF/PEEK specimens tested in tension and impact at cryogenic temperatures [56, 

57] (Fig. 2.4). Specific material type, processing conditions, laminate stacking 

sequence and the magnitude of the cryogenic cycle used during testing all likely 

contribute to discrepancies in experimental test data. 

 

Figure 2.4 Stress to damage initiation (cracking and delamination) and final failure 

for intermediate modulus CF/epoxy (Aa) and CF/PEEK (Ae) quasi-isotropic 

laminates at room temperature and liquid helium (LHe) temperature, adapted from 

[56]. 

 

The work of Kobayashi et al [58] remains the only recent work which investigates 

damage growth in CF/PEEK laminates in detail under purely cryogenic loading. 

Here, two cross-ply lay-ups of [0°2/90°3/0°2] and [0°2/90°4/0°2] were each cycled 

from LN2 temperature up to either 150 °C or 250 °C. It should be noted that the glass 

transition temperature for CF/PEEK is 143 °C, above which crystallisation of the 

matrix can occur. Therefore, cycling laminates above this temperature can lead to 

cold crystallisation, where the crystallinity and, hence, properties of the matrix 

material can change with respect to laminates cycled below the glass transition 
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temperature. Without explicitly tracking changes to the crystallinity content of the 

laminates due to cold crystallisation, direct comparisons of damage formation with 

laminates cycled at lower temperatures are not meaningful. Optical microscopy and 

2-D radiography were used to examine microcrack growth. As expected, laminates 

exposed to the higher amplitude cycle (up to 250 °C) developed a greater crack 

density and reached saturation in less than 500 cycles, with rapid crack initiation 

being observed over the first 100 cycles. The lower amplitude cycle laminates 

underwent steady crack growth over 1,000 cycles. Interestingly, the total damage and 

the damage growth rate were found to be higher in the thinner laminates. Larger 

thermal residual stress normal to the fibre direction in the thinner laminates was cited 

as a contributing factor for this discrepancy in microcrack formation. It should also 

be noted that the thinner laminates employed an unbalanced lay-up. Higher crack 

densities were observed in the inner 90° plies for all laminates, with delaminations 

initiating from matrix cracks in the 0° plies. The analysis also included a basic 

numerical methodology, which predicted decreasing residual stresses within the 

laminates with increasing microcrack density. Further research is required in order to 

fully understand damage formation in cryogenically cycled composites, particularly 

for thermoplastics. 

 

2.2.3 Leak paths and permeability of cryogenically cycled 

laminates 

The multi-axial nature of cryogenic loading can facilitate the development of 

contiguous cracking, and thus cryogen leak paths, through the thickness of 

composite laminates. These leak paths are key contributors to laminate permeability. 

For this reason, permeability testing of composite laminates is often carried out in 

conjunction with cryogenic cycling and microcrack analysis, although permeability 

characteristics of laminates can be inferred though microcrack analysis alone, 

provided the analysis is informed by a complete 3-D characterisation of the 

microcracking throughout the specimen. Bechel et al [59] exposed cross-ply and 

quasi-isotropic bismaleimide and epoxy carbon composite laminates to LN2 only and 

elevated thermal cycles of up to 177 °C. Through-thickness cracking was found to 

occur far more frequently in the elevated cycle specimens. The presence of leak 
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paths within these specimens was predicted based on the presence of microcracks in 

each ply group as observed under an optical microscope. However, it was unclear at 

which cycle the cracks in the 0° and 90° plies had fully propagated across the width 

of the specimens or as to the extent of the short stitch cracks [60, 61] in the off-axis 

plies. Thus, a complete characterisation of leak path formation in these laminates 

was not possible.  

Many researchers have conducted physical leak tests on damaged laminates. Helium 

gas is generally used to test for leakage, being a safer alternative to hydrogen. Fig. 

2.5 shows a schematic of a typical permeability test rig. 

 

Figure 2.5 Schematic of a typical permeability test rig for composite specimens. 
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Kumazawa et al looked at microcracking and permeability in carbon/epoxy cross-ply 

and quasi-isotropic laminates under uniaxial and biaxial mechanical loading at room 

temperature [62, 63]. Thin, inter-laced, cross-ply laminates were consistently found 

to have the lowest permeability and generally resisted the formation of through-

thickness crack networks. Quasi-isotropic laminates were found to be more 

permeable that cross-ply laminates, even for specimens with similar crack densities, 

which were analysed using ultrasonic C-scans. Greater crack opening in damaged 

laminates was observed with increased loading, which in turn increased the 

measured leak rate. However, the mechanisms leading to increased crack opening 

were not identified. Other work on carbon/epoxy systems has also shown reduced 

permeability in thin, un-blocked cross-ply laminates [64]. 

Further work by Bechel et al [65], on the aforementioned cross-ply and quasi-

isotropic bismaleimide and epoxy carbon materials, showed significantly reduced 

permeability for cryogenically cycled cross-ply lay-ups when compared to quasi-

isotropic laminates. The pristine laminates were permeability tested before cryogenic 

cycling, however, the flow rate due to natural diffusion was below the resolution of 

the test apparatus and deemed negligible. Only bulk flow of fluid was detectable in 

damaged specimens, due to the presence of through-thickness leak paths. Microcrack 

analysis of the laminates revealed far fewer through-thickness crack networks in the 

cross-ply laminates. The presence of short stitch cracks was believed to contribute to 

increased permeability in the laminates with off-axis plies, based on previous 2-D X-

ray scans of crack intersection areas (Fig. 2.6). 
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Figure 2.6 2-D X-ray scan of overlapping transverse long and stitch cracks in a 

composite laminate [66]. 

 

The influence of delamination on crack opening and permeability was also 

postulated; however, difficulties in observing delaminations at crack intersection 

areas prevented a conclusive investigation of this effect. Yokozeki et al have also 

investigated gas leakage in CF/epoxy IM600/133 laminates exposed to cryogenic 

temperatures and under mechanical loading [67, 68]. They found little change in 

laminate permeability between room temperature and LN2 temperature; however, a 

clear trend of increasing leak rate with increasing mechanical load, in three-point 

bending and uniaxial tension, was observed. A trend of increasing leak conductance 

rate with decreasing crack intersection angle was also observed, with a leak 

conductance model being used to explain this trend. However, again due to 

difficulties in determining the extent and role of delamination at intersection areas, 

inaccuracies in conduction predictions were encountered for certain crack types. 

Research conducted at NASA’s Langley Research Center [44, 69] into the 

permeability of toughened carbon/epoxy laminates follows a similar trend to the 

previous works, with increasing microcracking and permeability at cryogenic 

temperatures under cyclic loading. Subsequent analysis again relies on estimating 

crack lengths and crack opening areas at intersections areas. 

In summary, the study of leak path formation and permeability in composite 

laminates is a relatively under-studied topic. The use of 2-D characterisation 

techniques to extrapolate trends in microcracking through the entire laminate width 
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for damaged specimens often leads to incomplete analysis of leak rates and no clear 

link between crack density and measured permeability. The role of delamination in 

increasing crack openings at overlap areas is also poorly understood, yet is often 

cited as a significant contributing factor to leak rates. The use of 3-D imaging 

techniques to identify and full characterise crack networks is seen as essential in 

developing this research area. Although the effect of stacking sequence on crack 

network formation has been well covered, the influence of thermal gradients and ply 

thickness is less understood, with no studies looking at the damage in directly scaled 

laminates. As with cryogenically induced damage in general, thermoplastic 

composites have received little attention, with no known studies investigating crack 

networks or permeability in cryogenically cycled CF/PEEK. 

 

2.3 Numerical modelling of damage and permeability 

in laminates 

Given the multi-phase nature of composite materials, modelling damage initiation 

and growth in composite structures is particularly challenging. In addition to the 

usual complexities inherent in the field of damage prediction, simulation of damage 

formation in composite materials must account for the action of multiple damage 

modes in multiple materials, often occurring simultaneously and interacting with one 

another. Recent developments in FEA and associated hardware have helped to 

considerably reduce the computational expense of composite damage simulations, 

leading to a corresponding jump in research in the area. Myriad methods of 

modelling inter- and intra-laminar failure have since been developed, with varying 

levels of success reported. A brief summary of the main simulation techniques used 

in the field follows. 

 

2.3.1 Delamination modelling 

Delamination, or inter-laminar failure, is perhaps the most studied composite damage 

mode. This is driven in part by the difficulty in detecting the presence of 
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delamination in laminates, thus requiring robust predictive methodologies to design 

against failure. However, delamination is arguably one of the more straightforward 

composite damage modes to model due to crack growth largely being confined to a 

pre-defined, planar area. Detailed reviews of delamination modelling, encompassing 

a wide range of inter-related techniques including damage mechanics, fracture 

mechanics and cohesive zone approaches, have been carried out by the following 

authors [70-74]. In terms of the FE implementation of these techniques, two methods 

stand out as being the most widely used: a linear elastic fracture mechanics (LEFM) 

approach (often using a form of the Virtual Crack Closure Technique (VCCT)) and a 

cohesive interface approach using the concepts of damage mechanics. 

LEFM, which follows from Griffith’s original work [75], relies on predicting crack 

growth based on the energy required to create a new fracture surface in a material. 

For composite materials, a material parameter 𝐺𝑐 is often quoted, which represents 

the ability of the material to resist fracture. Numerical simulations of crack 

propagation using this method calculate the strain energy release rate (SERR), also 

𝐺, at the crack front and compare it to 𝐺𝑐 of the composite, with growth occurring if 

𝐺 > 𝐺𝑐. The VCCT [76, 77] is a popular and robust non-singular-field method of 

applying LEFM principles to the FE modelling of delamination in composites and 

bi-material interfaces in general. The technique is based on the premise that the 

strain energy required to open a new crack surface by a certain length is the same as 

the energy required to close the crack by the same length. The strain energy release 

rate at the crack tip is calculated as a function of the force at the tip and the crack 

opening displacement (COD). If 𝐺 > 𝐺𝑐, then nodal separation (delamination) will 

occur.  

Recently, Wimmer [79] and Krueger [80, 81] have investigated the use of the VCCT 

in commercial FE software packages for static and fatigue delamination of 

composites, with reasonable success. However, the use of the technique with a 

conventional finite element mesh can limit the value of the approach, as summarised 

in [74]. LEFM-based methods require crack growth to initiate from a pre-defined 

crack seam or flow, about which the mesh must conform. The level of mesh-

refinement and the associated transverse cracking in adjacent plies may also 

influence the solution. 
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A damage mechanics approach to crack growth modelling relates the increase in 

damage in a material to the reduction in certain material properties, such as stiffness. 

The principles of damage mechanics are often implemented in FEA though the use 

of a cohesive zone or elements along the ply interface of a laminate [82-85]. Unlike 

the VCCT, cohesive zone modelling doesn’t require extensive mesh refinement or 

re-meshing to account for crack growth. The approach also allows the modelling of 

both damage initiation and progression, with a reduction in element stiffness usually 

occurring after initiation in accordance with a pre-defined damage evolution law.  

Research in the field has also progressed to incorporating aspects of fracture 

mechanics theory into the cohesive approach [86, 87], whereby the work done in 

reducing the stiffness of a cohesive element directly corresponds to the critical 

energy release rate of the material. One of the main issues with using cohesive 

models is the difficulty in determining appropriate damage evolution and stiffness 

relations, some of which cannot be obtained experimentally. Also, like the VCCT, 

the cohesive approach within conventional FEA generally relies on a pre-defined 

crack growth path. While this is not always a critical issue for planar damage modes 

such as delamination, it does limit the flexibility of the approach. 

The recent development of the extended finite element method (XFEM) [88], which 

incorporates concepts relating to the partition of unity [89] in the finite element 

mesh, offers an alternative to the aforementioned techniques. With this method, 

crack growth is no longer confined to element boundaries or special purpose 

interface elements, allowing the modelling of arbitrary crack formation and growth 

without the need to pre-define the path or constantly re-mesh the area of interest. 

Both methods of crack modelling outlined above are also possible using this 

approach [90, 91]. Due to the novelty of the approach, research into static [92-96] 

and particularly fatigue delamination [97, 98] using XFEM is quite sparse. A further 

description of the method is provided in Section 2.3.2. 

 

2.3.2 Microcracking and combined damage models 

Intra-ply failure modes are often treated in a separate manner from delamination. 

The range of failure modes which can occur at a ply level, in terms of both matrix 
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and fibre failure, means the modelling of discrete fracture processes at a meso-level 

is a complex task. However, extensive effort has been invested into ply-level failure 

theories for many years. Numerous failure criteria have been developed taking into 

account fibre and matrix failure in tension and compression including the commonly 

used criteria developed by Hashin [99], Tsai-Wu [100] and Puck [101]. A detailed 

review of ply-level failure criterion is available in [73]. The FE implementation of 

such a continuum approach typically involves smearing damage over the mesh, 

without modelling physical cracking. While such methods can be used in combined 

composite damage simulation [102-104], without the ability to model COD and the 

presence of overlapping crack networks they have limited use in permeability 

prediction simulations. 

Given the focus on sub-critical damage formation for permeability modelling, matrix 

microcracking and its interaction with delamination are prioritised. Matrix 

microcracking presents a particular problem for conventional modelling techniques 

due to its inherently random nature. The method of pre-defining crack propagation 

areas and paths, as is often done for delamination, has been applied to transverse 

cracking [105-108]. However, realistic 3-D simulations cannot be reasonably 

undertaken through this a-priori definition of crack paths using interface elements. 

As introduced in the previous section, the recent development of XFEM and 

partition of unity methods in general have helped to alleviate some of the issues 

inherent in microcrack modelling. With XFEM, the discontinuity is defined 

separately from the mesh, allowing a crack of arbitrary shape and location to be 

modelled effectively without re-meshing and without the usual extensive mesh 

refinement required to pre-define the discontinuity.  

The enrichment functions for a general crack growth problem are contained in the 

finite element approximation of the displacement field and typically comprise of 

functions which capture the singularity at a crack tip and represent the displacement 

jump between crack faces. The flexibility this technique offers has paved the way for 

more realistic and sophisticated methods of simulating microcracking [110], as well 

as a small number of fully fledged meso-level combined damage models. Work by 

der Meer, Ahmed and Sluys [111-113] at the Delft research group is prominent in 

this new area. Combined microcracking and delamination models, based on phantom 

node and cohesive element methods respectively, show good agreement with 
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mechanical tensile and impact tested physical specimens. Microcrack initiation is 

determined by a pre-defined crack-spacing parameter, with cracks being inserted 

parallel to fibres upon initiation. However, it is not clear if this spacing parameter 

has a firm basis in the physical reality of the material. It is also not clear as to what 

extent the physical crack opening of propagated cracks is accounted for, as well as 

the interaction between overlapping cracks. The use of a custom FE code and 

interface elements at each ply also has implications for the flexibility and scalability 

of the model. A mesh-independent combined damage model has also been developed 

by Iarve et al [114, 115]. The model was shown to capture many of the damage 

trends associated with several mechanical load types, including interaction between 

microcracks and delamination. Matrix cracks are inserted into the mesh based on a 

random distribution of strengths, which is seen as broadly representative of the 

physical phenomena driving random crack growth. Again, it is not clear how capable 

the model is to represent distinct COD values, with the traditional XFEM Heaviside 

discontinuous step function being replaced by a continuous function, resulting in 

cracks surfaces being replaced with a gradient zone. However, efforts from both the 

Delft group and Iarve et al have helped place such combined numerical damage 

models to the fore of meso-level damage simulation, with widespread adoption of 

similar techniques envisaged. 

 

2.3.3 Permeability prediction 

Predicting the permeability of composite laminates based on numerical damage 

models represents a significant challenge due to the highly complex damage 

formation and interaction mechanisms. Discrete cracking needs to be modelled in 

order to determine COD values, ruling out many well established continuum damage 

modelling techniques [116]. As mentioned in the previous section, combined 

damage models capable of simulating intra- and inter-laminar remain extremely 

sparse, with no known technique proven capable of simulating the formation of 

crack opening and overlap areas through the thickness of laminates. For this reason, 

existing permeability models rely on a unit-cell approach to permeability prediction, 

based on pre-defined microcracks and delaminations.  
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Early work in the area was carried out by Roy and Benjamin [117], who, based on an 

existing theoretical approach [118], predicted the opening displacement of transverse 

cracks, using ply crack density and adjoining delamination length as input for 

prescribed thermal and mechanical loads. They also modelled the through-thickness 

delaminated crack opening displacement (DCOD) distribution for a composite, 

subjected to thermal and mechanical loading, using both a mathematical model and a 

two-dimensional FE model of a composite laminate. These models were then used to 

predict laminate permeability based on the existence of overlap areas between 

transverse cracks and delaminations. Using crack densities taken from [65] and an 

estimation of the variation of delamination length with thermal cycles as input, Nair 

and Roy [119] developed a repeating two-dimensional FE unit cell geometry. 

Permeability predictions based on this model were then compared to experimental 

results from [65] with reasonable success. However, no experimental verification of 

the COD predictions was given. Yokozeki et al [67, 68] have also developed a basic 

analytical method to determine trends in gas leakage based on experimental inputs. 

Experimental trends were captured quite well for gas leak through tensile specimens 

except for cases where delamination was known to play a role in crack opening. The 

models predicted an inverse relationship between crack overlap angle and leak rate. 

A small number of more sophisticated, three-dimensional FE based unit-cell models 

have also been developed recently [120-122], which rely on variation of parameters, 

such as crack density and delamination length, to determine their effect on laminate 

permeability. As expected, these models consistently predict greater permeability 

with increased crack density, as well as wider crack openings in the presence of 

delamination. Such unit-cell models have also been used in conjunction with fluid 

analyses in order to determine leak rate trends [123, 124]. However, due to the 

sensitivity of predictions to many parameters including crack morphology and 

assumed delamination lengths, leak rate predictions were often found to exceed 

experimental observations. The dependency of these modelling techniques (Fig. 2.7) 

on experimental input in the form of delamination length and crack density seriously 

limits their applicably to large scale damage and permeability simulations. This is 

further compounded by the lack of published data on the role of delamination in 

COD and crack network formation in general. Random microcrack initiation, 

delamination growth and the interaction between various damage modes are all 
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critical to predicting laminate permeability. Thus, the need for a flexible, three-

dimensional globally-applicable modelling technique, capable of capturing the 

interaction between random intra- and inter-laminar cracking, is essential to progress 

in the area. 

 

Figure 2.7 Selection of images showing the current state-of-the-art for laminate 

permeability prediction models. A common theme among existing simulation 

techniques is a unit-cell approach to analysis, based on pre-defined microcracks and 

delaminations at crack overlap areas. Clockwise from top: [119], [124] and [122]. 
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3. A 2-D XFEM-based methodology 

for fatigue delamination and 

permeability of composites 

 

Article overview 

This work introduces the use of a mesh-independent XFEM crack growth technique 

for the prediction of fatigue delamination and permeability of composite laminates. 

As the first published work of this thesis, this study focuses on enhancing existing 

two-dimensional unit cell methods of permeability calculation through the use of a 

novel XFEM-based methodology. Previous studies have relied on the estimation of 

delamination length for a given unit cell, with subsequent DCOD and gas leakage 

simulations being dependent on this assumed length. In addition, any growth in the 

delamination due to repeated thermal cycles was unaccounted for, adversely 

affecting the accuracy of permeability predictions. The key novelty of this work is to 

remove the uncertainty of delamination length from permeability calculations. This 

is achieved through the use of a crack modelling methodology which does not 

require defining the delamination location a-priori and can simulate static and fatigue 

crack initiation and growth effectively with minimal computational expense. 

Before detailed simulations of unit cell structures are presented, several test cases 

involving various modes of static and fatigue loading are described in order to 

validate the methodology. Although an XFEM approach to crack modelling offers 
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greater flexibility and efficiency over conventional techniques, due to its novelty it 

remains relatively under-studied in the literature. Simulations of standardised Mode I 

and Mode II fracture tests are conducted and compared directly to experimental 

results for a CF/PEEK material. More complex mixed-mode thermo-mechanical 

fatigue cases are also modelled and compared with published results. Finally, the 

technique is applied to established unit cell models, where fatigue delamination 

growth under cryogenic conditions representative of fuel tank loading is simulated. 

The resulting effect of delamination growth on DCOD and permeability is also 

predicted. 

 

Abstract 

Carbon fibre reinforced polymers (CFRP) are one of the prospective material 

families being investigated for use in the fuel tanks of future reusable space launch 

vehicles (RSLVs). The extreme thermo-mechanical loading that these structures 

experience can lead to damage build-up in the CFRP in the form of microcracking 

and delamination, which can lead to increased laminate permeability. This work 

presents a novel XFEM-based methodology for the combined simulation and 

prediction of thermal fatigue delamination for identification of delaminated crack 

opening displacement (DCOD) and, hence, composite laminate permeability. The 

methodology is validated through simulation of standardised static and fatigue 

delamination test methods, using low computational cost modelling techniques. 

Delamination growth in a quasi-isotropic laminate under cryogenic fatigue loading is 

used to examine the effects of initial interlaminar defects on subsequent crack 

growth, as well as the relationship between delamination length and material 

permeability based on DCOD values predicted by the new methodology. 

 

3.1 Introduction 

Fibre-reinforced composites are candidate materials for the next generation of 

reusable space launch vehicles (RSLVs). The drive to replace conventional metal 

alloys with alternative materials stems from the need to reduce the cost of 
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transporting a payload to orbit, which currently stands at around $20,000 per kg [1]. 

The high specific strength, specific stiffness, toughness and chemical resistance of 

composites such as carbon fibre reinforced polymers (CFRP) make them ideal for 

many structural components of RSLVs, in particular the fuel tanks which are used to 

store liquid hydrogen and liquid oxygen at cryogenic temperatures. Unlike current 

designs, the fuel tanks for RSLVs are anticipated to undergo numerous 

fuelling/refuelling and take-off/landing cycles, with the inner walls of the tank being 

exposed to temperatures as low as -250 °C. The extreme thermo-mechanical cycling 

resulting from such a regime can lead to severe damage accumulation in the CFRP in 

the form of microcracking and delamination, possibly resulting in permeation of the 

cryogen through the tank wall due to interaction between these damage modes as 

shown in Fig. 3.1.  

 

Figure 3.1 Schematic of a permeation path through a composite laminate resulting 

from the overlap area between adjacent transverse microcracks and delaminations. 

 

The ability to model and predict the degradation of composites under 

thermal/mechanical fatigue loading is a key step in the design of efficient and safe 

cryogenic fuel tanks, as well as aerospace components in general. The effect of 

microcracking on the properties of composites, as well as its role in the development 

of other laminate failure modes, such as delamination, has been well documented 
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[2]. Zhang et al. [3] took a theoretical approach to investigating delaminations 

induced by transverse microcracking in composite laminates, using first-order shear 

laminate theory in their analysis. Roy and Benjamin [4, 5] built on this work to 

predict the opening displacement of transverse cracks, based on prescribed thermal 

and mechanical loads, as well as ply crack density and adjoining delamination 

length. They also predicted the through-thickness delaminated crack opening 

displacement (DCOD) distribution for a composite, subjected to thermal and 

mechanical loading, using both a mathematical model and a 2-D FE model of a 

composite laminate. These models were then used to predict laminate permeability 

based on the existence of overlap areas between transverse cracks and delaminations 

in the aforementioned leakage paths. Nair and Roy [6] went further and compared 

the permeability predicted by the FE models, which used crack densities taken from 

Bechel et al. [7] and an estimation of the variation of delamination length with 

thermal cycles as input, with experimental data from the same source with 

reasonable success. 

The above studies rely on assuming a delamination length for a given number of 

thermal cycles. This is, in part, due to the difficulties in monitoring delamination 

growth in composite laminates [8, 9], where unlike transverse cracks, the 

delaminations are typically closed and difficult to locate and measure. However, the 

delamination length at the tips of transverse cracks has been shown to be an 

important factor in the determining the magnitude of DCOD and, hence, laminate 

permeability [4-6,10]. A method of predicting the growth of delaminations at overlap 

areas under thermal/mechanical loading will lead to more efficient modelling of 

damage progression in composite laminates, as well as greater accuracy in 

permeability predictions. 

The area of composite failure simulation has been widely published on, and includes 

a number of delamination growth prediction models. The approach for the meso-

level modelling of interlaminar failure has typically revolved around the 

development of analytical and numerical solutions involving a pre-defined interface 

[11-16], as well the use of specially devised constitutive equations and finite 

elements to simulate delamination growth and interaction between various damage 

modes [17-19]. This current work involves the meso-modelling of delamination 

growth in a CFRP laminate under cryogenic fatigue loading in order to predict the 
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DCOD of transverse microcracks and, hence, laminate permeability. The key novelty 

of this work centres on the use of the Virtual Crack Closure Technique (VCCT), in 

conjunction with the extended finite element method (XFEM), in order to predict the 

variation in DCOD with increasing delamination length, with minimal computational 

cost. This methodology is also used to predict the influence of existing interlaminar 

defects on subsequent fatigue delamination growth under cryogenic loading. 

Although XFEM is a relatively novel technique in the area of composite fracture 

mechanics, a number of studies [20, 21] into the use of this technique for static and 

fatigue delamination modelling, as well work on the development of bimaterial 

orthotropic enrichment functions for use with XFEM [22], have been conducted. 

However, it is understood that these studies rely on non-standard finite element 

platforms and do not cover the range of load cases nor the applications presented in 

this work. A globally applicable XFEM platform was a prerequisite for this study, 

due to the 3-D requirements for modelling large-scale fuel storage tanks and material 

defect distributions which will form the basis of future work. 

The novel XFEM-based methodology for prediction of DCOD and delamination 

growth trends under thermal fatigue loading was validated using recognised test 

cases, involving thermal and mechanical loads, in both static and fatigue loading 

regimes. Static double cantilever beam (DCB) and end notch flexure (ENF) tests 

were used as a starting point for the study, with predicted crack growth from these 

models being compared with experimental test data for CF/PEEK specimens. Sub-

critical loading scenarios, in the form of mechanical and thermal fatigue loading of 

composite laminates, were validated against analytical and experimental data from 

the literature. Subsequently, the modelling of delamination growth in a quasi-

isotropic laminate under cryogenic fatigue loading was conducted in order to predict 

DCOD and, hence, composite laminate permeability. 
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3.2. Methodology 

3.2.1 Delamination modelling methodology 

The extended finite element method (XFEM) is an extension of the classical finite 

element method, based on the concept of partition of unity [23], which allows 

modelling of discontinuities through the use of special enrichment functions which 

are incorporated into the finite element approximation. XFEM was introduced by 

Belytschko and Black [24] as an alternative to modelling crack growth problems, but 

is useful in modelling material abstractions in general, such as voids, grain 

boundaries and dislocations [25, 26]. Conventional methods of analysing such 

discontinuities require that the finite element mesh conforms to the discontinuity. 

This becomes an issue when modelling crack growth, where the dimensions of the 

discontinuity may change considerably over the course of the analysis, meaning that 

constant re-meshing must be undertaken in order to represent the growing crack. 

With XFEM, the discontinuity is defined separately from the mesh, allowing a crack 

of arbitrary shape and location to be modelled effectively without re-meshing and 

without the usual extensive mesh refinement required to pre-define the discontinuity 

[27]. This gives XFEM a key advantage over alternative analysis methods where the 

computational expense of continuous re-meshing can add greatly to the model run 

time. 

The enrichment functions for a general crack growth problem are contained in the 

finite element approximation of the displacement field and typically comprise of 

functions which capture the singularity at a crack tip and represent the displacement 

jump between crack faces. From the work of Moes et al. [28], the XFEM 

displacement vector function for a crack, 𝒖, is given as 

                             

𝑢 = ∑ 𝑁𝑖

𝑁

𝑖=1

(𝑥) {𝑢𝑖 + 𝐻(𝑥)𝑎𝑖 + ∑ 𝐹𝑘(𝑥)𝑏𝑖
𝑘

4

𝑘=1

} 

                      

where 𝑁𝑖(𝑥) are finite element nodal shape functions, 𝒖𝑖 is the displacements of the 

nodes associated with the continuous part of the solution, 𝐻(𝑥) is the Heaviside 

function which deals with the discontinuous jump across crack faces, 𝒂𝑖 and 𝒃𝑖
𝑘 are 

(3.1) 
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nodal enriched degree of freedom vectors and 𝐹𝑘(x) are the near-tip asymptotic 

functions for representing the singularity near the crack tip. A typical finite element 

mesh with a smooth crack introduced is shown in Fig. 3.2. 

 

Figure 3.2 Schematic of a typical finite element mesh with a crack introduced, 

showing the enrichment functions relating to specific parts of the crack geometry. 

 

The Heaviside enrichment function, which is used to represent the discontinuity 

present between separated crack surfaces, is described by Eq. 3.2 [29],  

                            

𝐻(𝑥) = {
   1          𝑤ℎ𝑒𝑛     (𝑥 − 𝑥∗). 𝑛 ≥ 0
−1                                  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

                        

where 𝒙 is a Gauss point, 𝒙∗ is the point on the crack nearest 𝒙 and 𝒏 is the unit 

normal to the crack at the position 𝒙∗. This function is used to describe areas of mesh 

cut by the main body of the crack. For 2-D areas cut by the tip of the crack, the 

enrichment functions shown in Eq. 3.3 are used,  

            

𝐹𝑘(𝑥) = [√𝑟 sin 𝜃
2⁄ , √𝑟 cos 𝜃

2⁄ , √𝑟 sin 𝜃 sin 𝜃
2⁄ , √𝑟 sin 𝜃 cos 𝜃

2⁄ ] 

    

(3.2) 

(3.3) 
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where (𝑟, 𝜃) are the polar coordinates of a system with its origin defined at the crack 

tip. This set of equations form the basis of a general 2-D crack analysis using XFEM. 

In this work, the new fatigue delamination methodology is developed with the 

commercial finite element software, Abaqus implicit v6.11 [29]. A globally 

applicable XFEM platform is essential due to the 3-D requirements for modelling 

large-scale fuel storage tanks and material defect distributions which will require 

crack propagation analysis to be undertaken via a user interface, without 

compromising the functionality of the basic finite element package.  

The modelling of stationary cracks proceeds using the XFEM approach outlined 

above; however, for moving cracks a different approach is adopted. Keeping track of 

where the crack propagates is difficult, due to the degree of the crack singularity 

depending on the crack location for non-isotropic materials [29]. This approach 

relies on only considering the displacement jump across the crack faces, with the 

near tip enrichment functions not being used; hence, the stress singularity around the 

crack tip is not modelled. In real terms, this has the effect of the crack moving 

through a whole element at a time. To achieve this, phantom nodes are employed to 

represent the jump in crack surfaces, where real and corresponding phantom nodes 

separate when the prescribed fracture criterion has been satisfied. The phantom 

nodes are originally superimposed on the base element nodes and are fully 

constrained until damage initiation. The level set method is used to describe the 

crack geometry using two signed distance functions for the crack front and crack 

surface. This method is used to compute the interface motion of the crack between 

enriched elements. This approach is robust and exhibits minimal mesh dependence 

for adequately meshed models [29]. The degree of separation of the nodes is 

determined by the traction-separation cohesive behaviour, whereby the cohesive 

strength of an enriched element with a crack through it decreases to zero in 

accordance with the prescribed traction-separation law. The traction–separation 

model used is comprised of a linear elastic behaviour phase and a subsequent 

damage progression phase [29]. The constitutive matrix for the elastic phase, relating 

the stresses and separations in an enriched element are given by Eq. 3.4  
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{

𝑡𝑛

𝑡𝑠

𝑡𝑡

} = [

𝐾𝑛𝑛 0 0
0 𝐾𝑠𝑠 0
0 0 𝐾𝑡𝑡

] {

𝛿𝑛

𝛿𝑠

𝛿𝑡

} 

                                      

where 𝑡𝑛, 𝑡𝑠 and 𝑡𝑡 are the normal and shear components of the stress traction vector, 

𝐾𝑛𝑛, 𝐾𝑠𝑠 and 𝐾𝑡𝑡 are the stiffness components that relate the element stresses to 

separations and 𝛿𝑛, 𝛿𝑠 and 𝛿𝑡 are the element separations related to the 

aforementioned normal and shear stresses.  

The VCCT, using the principles of linear elastic fracture mechanics, is used for the 

damage progression analysis. This technique has been used to model delamination 

propagation along predefined surfaces successfully [30, 31] and is suitable for 

modelling quasi-brittle composites such as CF/PEEK. However, the version 

employed here does not require knowledge of the crack location or propagation path 

a-priori, allowing the user to forego costly mesh refinement and continual updating 

of the mesh in the area of interest. This feature is also critical to the ability of the 

methodology to predict crack growth due to random inherent material defects in 

composite laminates, which will form the basis of future work. The technique is 

based on the premise that the strain energy required to open a new crack surface by a 

certain length is the same as the energy required to close the crack by the same 

length. For XFEM crack growth, this new crack surface length corresponds to the 

enriched element length ahead of the crack front. The strain energy release rate at the 

crack tip is calculated as a function of the force at the tip and the COD. The relation 

for a Mode I crack growth situation is given by Eq. 3.5 [32],  

                                                         

𝐺𝐼 =
1

2∆𝑎
(𝐹𝑉) 

                                                  

where 𝐺𝐼is the Mode I energy release rate, ∆𝑎 is the crack extension, 𝐹 is the vertical 

force between nodes 𝑖 and 𝑖∗, and 𝑉 is the vertical displacement between nodes 

(𝑖 − 1) and (𝑖 − 1)∗ as shown in Fig. 3.3. Similar methods are used in determining 

Mode II and mixed-mode response with the VCCT (see A.1 for more detail). 

(3.4) 

(3.5) 
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Figure 3.3 Finite element mesh showing the basis of the VCCT for a Mode I 

situation. 

 

Once the strain energy release rate at the crack tip has been calculated, it is compared 

with the critical strain energy release rate required for crack propagation to occur. If 

the calculated value exceeds the prescribed critical value, then the real and phantom 

nodes of the enriched element will separate, with the traction between the two crack 

surfaces linearly decreasing as the strain energy necessary to cause fracture is 

dissipated [29], as illustrated in Fig. 3.4. 

 

Figure 3.4 (a) General linear traction-separation behaviour for a crack element, 

where Tmax is the maximum traction and δmax is the maximum crack separation. (b) 

Force-displacement response at a cracked element using the VCCT. FC and VC are 

the critical force and displacement values respectively, relating to the critical strain 
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energy release rate required for full node separation. This criterion is given by Eq. 

3.6 for a simple Mode I case,  

                                                     

𝑓 =
𝐺𝐼

𝐺𝐼𝐶
⁄ ≥ 1 

                                               

where 𝑓 is the fracture criterion and 𝐺𝐼𝐶 is the critical strain energy release rate for 

Mode I fracture (Mode I fracture toughness). Thus, for a simple crack growth model, 

the fracture criterion is the relevant critical strain energy release rate for the mode of 

loading. 

 

3.2.2 Static delamination validation 

3.2.2.1 DCB 

The DCB test is a widely used method of determining the Mode I interlaminar 

fracture toughness of composite materials [33]. The test involves loading a pre-

cracked specimen of composite laminate in a manner similar to that shown in Fig. 

3.5. 

 

Figure 3.5 Schematic of a typical DCB specimen for determining the Mode I 

fracture toughness of a composite. 

 

The pre-crack is introduced into the specimen by placement of a layer of release film 

into the mid-plane of the laminate during the manufacturing process. The edges of 

the specimen are then loaded via metallic hinges, which move apart with a constant 

cross head displacement. As the legs of the beam move apart, the load on the 

(3.6) 
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specimen increases, resulting in a large deflection until a critical load is reached. At 

this point the crack begins to propagate from its initial position, with a corresponding 

drop in load occurring due to the increased crack length. This procedure is carried 

out until the desired crack length has been achieved, with the load and cross head 

displacement being recorded continuously. The Mode I fracture toughness energy, 

𝐺𝐼𝐶, is given by Eq. 3.7 [33], 

                                                     

𝐺𝐼𝐶 =
𝐴

𝑎𝑤
× 106 

                                                 

where 𝐴 is the integrated area under the load-cross head displacement graph as per 

the AITM standard, 𝑎 is the propagated crack length according to the AITM standard 

and 𝑤 is the specimen width. 

3.2.2.2 ENF 

Although there is no standardised test for determining the Mode II interlaminar 

fracture toughness of composite materials, the ENF test is one of the more 

commonly used methods, partly due to its simplicity [34]. The test uses a pre-

cracked specimen similar to that used in the DCB test, but is loaded in a 3-point bend 

configuration as shown in Fig. 3.6.  

 

Figure 3.6 Schematic of a typical ENF specimen used for determining the Mode II 

fracture toughness of a composite. 

 

The specimen is loaded under displacement control at a constant rate, with the load 

and cross head displacement being constantly recorded. For Mode II loading, the 

crack extends due to shear forces at the crack tip. Determining crack propagation 

(3.7) 
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onset is a key aspect of this test method, due to the unstable crack growth arising 

from the loading configuration. The critical load at propagation onset is recorded and 

the test is stopped when a drop in load confirms this. The Mode II fracture toughness 

energy, 𝐺𝐼𝐼𝐶, is given by Eq. 3.8 [35],  

                                                

𝐺𝐼𝐼𝐶 =
9𝑃𝑎2𝑑

2𝑤 (
𝐿𝑆

3

4
⁄ + 3𝑎3)

× 1000 

                                

where 𝑃 is the load at crack propagation onset, 𝑎 is the initial length of the pre-crack 

as per the AITM standard [35], 𝑑 is the cross head displacement at crack propagation 

onset, 𝑤 is the specimen width and 𝐿𝑆 is the span length.  

Both the DCB and ENF tests were carried out by ÉireComposites Teo using 

autoclaved Gurit Suprem/AS4C CF/PEEK specimens [36]. The mechanical 

properties of the material and test parameters are given in Tables 3.1 and 3.2 

respectively. See A.2 for more details on the fracture toughness tests carried out by 

ÉireComposites. 

Table 3.1 Mechanical properties of CF/PEEK material used in DCB and ENF tests. 

Material E1 (GPa) E2 (GPa) G12 (GPa) ν12 

Suprem/AS4C 142 8.9 5.1 0.34 

 

 

Table 3.2 Specimen dimensions and experimental parameters for DCB and ENF 

tests. A 20-ply lay-up is used for each specimen. 

Test DCB ENF 

Length (mm) 250 160 

Span (mm) N/A 100 

Pre-crack (mm) 35 35 

Width (mm) 25 25 

Thickness (mm) 2.5 2.5 

Cross head speed (mm/min) 10 1 

 

 

(3.8) 
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The finite element models for both test cases were created in accordance with the 

properties and dimensions given in Tables 3.1 and Tables 3.2. The test cases were 

modelled in 2-D using CPE4R plane strain, reduced integration elements, with the 

loads being applied in the form of displacement boundary conditions. See A.3 for 

more details on the element type. It should be noted that 2-D models of these fracture 

tests are unable to deal with the free-edge effects that can lead to non-uniform energy 

release rate distributions across the specimen widths and associated uneven crack 

fronts [37]. However, these effects are confined to a relatively small region at the 

specimen edges [38], with the resulting increase in accuracy of crack growth 

prediction deemed insufficient to warrant a full 3-D analysis for the present 

application. Another issue which could introduce inaccuracies into the simulation is 

that the XFEM model does not take into account the effects of fibre-bridging that is 

known to occur during DCB tests [39]. 

The pre-crack for each specimen was introduced through appropriate partitioning of 

the part at the mid-plane of the specimen. This pre-crack represents the initial starter 

crack required for the DCB and ENF tests, with the subsequent crack growth 

occurring along an undefined path, as is the case with XFEM. Due to the existence 

of a pre-crack in the model, a damage initiation criterion was not required. Damage 

evolution, or crack propagation, was dictated by the fracture criterion assigned for 

each test. This criterion was prescribed in the form of the relevant fracture toughness 

for the mode of loading, which was 1062 Jm
-2

 for Mode I and 999 Jm
-2

 for Mode II 

[36]. The crack propagation direction was assigned to be parallel to the element local 

1-direction, which corresponds to the fibre direction of the laminate. A structured 

mesh was used for the analyses and consisted of 10,000 elements for the DCB test 

and 7,200 elements for the ENF test. In order to ensure convergence of the solution, 

a small time incrementation was used and appropriate alterations were made to the 

general solutions controls of the model, including making the analysis discontinuous. 

Further details on the general type of time incrementation and solution controls used 

can be found in Section 3.3.2. See A.3 for more details on the mesh density and 

convergence controls used for the simulations. 
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3.2.3 Mechanical fatigue validation 

The DCB specimen under cyclic mechanical loading is the standard test case for 

delamination of composites [40] and is key to validating the fatigue prediction 

capabilities of this methodology. The test case investigated is based on the work of 

Krueger [41], who worked on the development of a benchmark for delamination 

fatigue growth prediction. A 2-D finite element model of the DCB specimen is 

created and the resulting crack growth over a given number of fatigue cycles is 

compared with output from Krueger, who relies on a conventional finite element 

model, requiring a pre-defined crack path and associated levels of mesh refinement. 

The primary difference between the fatigue and static cases is that the specimen is 

sub-critically loaded in the fatigue case. The specimen is cyclically loaded under 

constant amplitude displacement control, with a load ratio of R = 0.1 and a 

maximum displacement which corresponds to an energy release rate of 80% of the 

specimen 𝐺𝐼𝐶 at the crack front, in accordance with a draft of the ASTM standard for 

Mode I fatigue delamination in polymer matrix composites [40]. The variation of 

applied displacement, 
𝛿

2
,  with time, 𝑡, for the cyclic loading is given by Eqn. 3.9 [41] 

                                            

𝛿

2
=

𝛿𝑚𝑎𝑥

2
{𝑎0 + 𝑏1 sin 𝜔(𝑡 − 𝑡0)} 

                                 

where  
𝛿𝑚𝑎𝑥

2
 is the maximum displacement, 𝑎0 and 𝑏1 are constants, 𝜔 is the circular 

frequency and 𝑡0 is the start time. 

For the stable growth phase observed in this method of fatigue loading, the 

increasing delamination length leads to a drop in load for each constant amplitude 

displacement cycle. This growth region is defined by the change in energy release 

rate for a given number of cycles. Below the energy release rate threshold, 𝐺𝑡ℎ𝑟𝑒𝑠ℎ, 

no crack growth occurs, while above the energy release rate upper limit, 𝐺𝑝𝑙, the 

crack grows at an accelerated rate. Between these limits, the well-known Paris 

equation is used to model the fatigue crack growth, and is given in Eq. 3.10, 

(3.9) 
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𝑑𝑎

𝑑𝑁
= 𝑐∆𝐺𝑛 

                                                     

where 
𝑑𝑎

𝑑𝑁
 is the crack growth per cycle, 𝑐 and 𝑛 are material constants and ∆𝐺 is the 

relative fracture energy release rate. The issue of delamination onset for fatigue 

crack growth is dealt with by defining a fracture criterion, 𝑓, as shown in Eq. 3.11 

[29], 

                                                        

𝑓 =
𝑁

𝑐1∆𝐺𝑐2
≥ 1 

                                        

where 𝑁 is the cycle number and 𝑐1 and 𝑐2 are material constants. Crack propagation 

will not commence until this relation is satisfied. A graphical representation of the 

growth regime used is shown in Fig. 3.7. 

 

Figure 3.7 Fatigue crack growth regime. The Paris equation growth region is 

bounded by the energy release rate threshold, 𝐺𝑡ℎ𝑟𝑒𝑠ℎ, and the energy release rate 

upper limit, 𝐺𝑝𝑙. 

 

Due to the high computational cost associated with fatigue loading, the present 

methodology implements a low-cycle fatigue analysis using the direct cyclic 

approach to model the damage progression in the specimen. This method involves 

(3.10) 

(3.11) 
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computing the material fatigue response at a number of distinct points over the 

course of the loading, with the spacing of these points representing a particular span 

of loading cycles. In this way, the predicted damage progression at a particular point 

and time increment can be used to calculate the change in material properties for the 

next increment, based on a prescribed damage evolution law. Such an approach 

allows modelling of damage progression over the entire load history through the 

extrapolation of a relatively small number of load points, leading to significantly 

reduced solution times.  The various parameters relating to the Paris equation, onset 

fracture criterion, threshold and upper limit energy release rates and Fourier terms 

relating to the low-cycle fatigue approach are defined as input to the analysis. 

Appropriate values for these parameters as used in the test case can be found in [41]. 

Properties of unidirectional CF/epoxy were used for the test, with the cyclic loading 

being applied via displacement boundary conditions in the same manner as the static 

DCB test. 

The test case was modelled using CPE4R plane strain, reduced integration elements, 

with 1,800 elements used in the mesh (See A.3 for more detail on mesh density). 

Comparisons between 2-D and 3-D simulations for fatigue delamination can be 

found in [41]. The computational expense associated with a full 3-D model was 

found to be several orders of magnitude higher than for an equivalent 2-D model, 

with the run-times spanning days as opposed to minutes, achieving only marginal 

improvements in accuracy. This is in keeping with the preliminary 3-D static 

analysis reported in Section 3.3.1.1.  

 

3.2.4 Thermal fatigue validation 

The final test case studied in this work is the delamination of a cross-ply laminate 

under thermal fatigue loading. The cross-ply case compares predicted delamination 

growth with existing experimental data from the literature for a [0
°
/90

°
] CF/Epoxy 

laminate. Unlike the previous cases, interlaminar delamination of the composite is 

driven by the mismatch in coefficients of thermal expansion (CTE) between adjacent 

plies. This mismatch arises from the difference between the fibre-dominated 

properties of the 0
°
 ply and the matrix dominated properties of the 90

°
 ply. This case 
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involves modelling the thermal fatigue delamination growth of the laminate and 

comparing the delamination growth with experimental data from Ramanujam et al. 

[42], whose work uses a similar cross-ply layup. In [42], unsymmetrical [0
°
/90

°
] 

CF/Epoxy test specimens were subjected to thermal cycling consisting of a ΔT of 

140 °C, representing a change in temperature from 20 °C to 160 °C with a total cycle 

length of 110 minutes. Much in the same way as the aforementioned static DCB and 

ENF tests, the specimens were manufactured with pre-existing interlaminar 

delaminations, with the initial crack subsequently growing due to the thermal 

loading. The crack length was measured by visual detection methods after every 20 

cycles. The specimen layup and loading configuration is shown in Fig. 3.8. 

 

 

Figure 3.8 Schematic of the cross-ply layup showing the direction of crack 

propagation. 

 

The thermal fatigue analysis requires additional material properties in the form of 

CTE values. Unlike the DCB case, which deals with Mode I fracture, the thermal 

fatigue case results in a more complex, mixed-mode fracture, behaviour. Mixed-

mode fracture is dictated by an equivalent energy release rate [29], 𝐺𝑒𝑞𝑢𝑖𝑣𝐶, which 

combines energy release rates in all three fracture modes into a single fracture 

criterion. A number of mode-mix formulae for computing equivalent energy release 

rates are available. The BK law model, suggested by Benzeggagh and Kenane [43], 

was chosen for this study due to its previous successful implementation in studying 

delamination growth [44]. The BK law is given by Eq. 3.12, 

                               

𝐺𝑒𝑞𝑢𝑖𝑣𝐶 = 𝐺𝐼𝐶 + (𝐺𝐼𝐼𝐶 − 𝐺𝐼𝐶) (
𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼

𝐺𝐼 + 𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼
)

𝜂

 

             

(3.12) 
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where 𝐺𝐼𝐼𝐼 is the Mode III energy release rate and 𝜂 is a curve fit parameter. Paris 

equation fatigue constants and material properties used in the model are similar to 

those employed by Ramanujam et al. for their 2-D model. The test case was 

modelled using CPE4R plane strain, reduced integration elements, with 2,240 

elements used in the mesh (See A.3). The cyclic thermal loading was applied directly 

to the element nodes using the same cyclic loading described in Eq. 3.9, with a 

thermal load replacing the direct mechanical displacements and the frequency of 

loading adjusted to the experimental cycle time.  

 

3.2.5 DCOD and permeability predictions 

The quasi-isotropic laminate used for predicting the variation of DCOD with 

cryogenic fatigue loading is based on the five layer model (FLM) outlined in Nair 

and Roy [6], who used analytical methods and 2-D finite element models to predict 

DCOD for predefined delamination lengths. There are 90°, ±45° and 0° ply groups. 

The FLM is represented by a quarter repeating interval as shown in Fig. 3.9, with the 

method of measurement for DCOD also included. The lines of symmetry are through 

the central 0° ply group and on the right hand side of the laminate. 
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Figure 3.9 Schematic of FLM test case repeating interval [6] including a close-up 

view of how the DCOD is measured from a finite element model. 

 

The dimensions of this interval are related to the crack density of the material 

specimen which it represents, where 𝑆 is the inverse of the crack density for this 

quarter FLM. This model assumes an existing transverse micro-crack is present in 

the 90° ply of the laminate, which is adjacent to a delamination of length 𝐿. The 

purpose of this repeating interval model is to determine the DCOD of the transverse 

micro-crack under loading, based on a given crack density and delamination length. 

The magnitude of the DCOD value is directly related to the area of the leakage path 

through the laminate and, therefore, affects laminate permeability. Following [6], an 

expression for material permeability for a composite laminate, 𝐵0, is given in Eqn. 

3.13 
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𝐵0 = 𝐶 [∑ (sin 𝜃
𝑁𝐾𝑁𝐾+1∆𝐾∆𝐾+1

⁄ )

𝑁

𝐾=1

]

−1

 

                             
 

where 𝐶 
is the material conductance, 𝜃 

is the ply angle, 𝑁𝐾 and 𝑁𝐾+1 are the crack 

densities of adjacent plies and ∆𝐾
 
and ∆𝐾+1 are the DCOD of adjacent plies. It has 

been shown that the DCOD of the transverse crack is directly related to the adjacent 

delamination length, 𝐿 [6]. Thus, with knowledge of the how the delamination length 

varies with fatigue loading, it becomes possible to predict the laminate permeability 

after an arbitrary number of load cycles. 

The modelling of the quasi-isotropic lay-up proceeds in a manner similar to that 

outlined in Section 3.2.4, including the use of a similar crack growth regime. The test 

case was modelled using CPE4R plane strain, reduced integration elements, with a 

relatively dense mesh of 16,256 elements used, reflecting the increased complexity 

of the model (See A.3). The cyclic cryogenic loading was applied directly to the 

element nodes. Table 3.3 provides details of the test parameters.  

Table 3.3 Test parameters for quasi-isotropic lay-up model. ΔT corresponds to range 

of -252 °C to 224 °C. 

Material CF/Epoxy 

Lay-up [90°/-45°/+45°/0°]s 

𝑺 5.08 mm 

Ply thickness 0.0762 mm 

Thermal cycle ΔT = -476 °C 

 

Once again, a 2-D model was deemed sufficient to track delamination growth with 

good accuracy based on previous test cases and due to the relatively wide section 

associated with this type of composite structure. 

 

(3.13) 
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3.3 Results and discussion 

3.3.1 Static results 

The output from the experimental tests was in the form of load-displacement plots 

and Mode I and Mode II fracture toughness values. Due to the fact that the mean 

fracture toughness from each test was used as input for the models, the load-

displacement graphs were used to compare the performance of the finite element 

models with the experimental results from ÉireComposites. See A.2 for more details.  

 

3.3.1.1 DCB  

A contour plot of the cracked mesh and load-displacement curves for the 

experimental and predictions are shown in Fig. 3.10. 
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Figure 3.10 (a) Contour plot of cracked DCB mesh. (b) Load-displacement curves 

for both experimental (ÉireComposites [36]) and DCB tests. 

 

Both curves exhibit an initial linear variation of force with cross head displacement, 

representing the elastic response of the material. The slopes of the linear-elastic 

sections of the tests are not co-incident. This difference can be attributed to the 

variation in material properties and dimensions of the experimental test specimens 

(six in total), with the model relying on taking the mean value of the material 

properties and test specimen dimensions. Another factor affecting the linear response 

section is the pre-crack length, where differences in pre-crack length could result in 

differences in initial slope. The point of initial crack propagation for both cases 

matches closely, with the critical load registered for the model being just 4 N higher 

than the average of the experimental data, which represent a deviation of less than 

5%. The model also manages to track the crack growth accurately, with the load-
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displacement curves for both methods following similar paths. Note that due to a 

convergence issue, the steady crack propagation phase of the XFEM DCB test 

terminates before the experimental test curve. See A.2 for more details on the DCB 

experimental testing and the experimental data variance.  

A convergence study was conducted to determine the effect of mesh density on the 

predicted critical load for the 2-D model. The 10,000 element mesh used in this 

analysis output a load value within 3% of the converged value obtained with 113,000 

elements, with a significantly reduced model run-time. It was also observed that a 

relatively coarse mesh of 1,000 elements proved capable of predicting critical loads 

within 9% of the converged solution, highlighting the robustness of the technique.  

Preliminary studies using a 3-D model of the DCB test specimen were also 

conducted. Free-edge effects were observed at the specimen edges, in the form of 

crack surface variation, as shown in Fig. 3.11. 

 

Figure 3.11 Crack surface variation in a 3-D DCB model with intralaminar and 

interlaminar cracking. 
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However, the move to a 3-D modelling space brought an associated order-of-

magnitude increase in run-time, as well as additional convergence issues, even when 

using a coarse mesh. Given the good accuracy of the 2-D model in comparison with 

the experimental results, the need for a full 3-D model was not apparent. 

 

3.3.1.2 ENF  

The load-displacement curves for the experimental and simulated ENF tests are 

shown in Fig. 3.12.  

 

 

Figure 3.12 (a) Contour plot of cracked ENF mesh. (b) Load-displacement curves 

for both experimental (ÉireComposites [36]) and ENF tests. 
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Again, the difference in the linear portion of the load-displacement curves can be 

partly attributed to the variation in material properties and test specimen dimensions 

between experimental test specimens and the properties and dimensions used for the 

model. The critical aspect of this test, the point of crack propagation onset, is 

represented well by the model. The critical load at onset differs by less than 20 N 

from the average experimental data, representing a deviation of less than 5%, whilst 

the cross head displacement at onset differs by less than 0.5 mm. After the onset of 

propagation, crack growth for the ENF test is unstable, leading to convergence issues 

for the model and the subsequent sharp drop off in load, with a similar trend being 

observed in the experimental data curve. See A.2 for more details on the ENF 

experimental testing and the experimental data variance.  Due to the similarity in 

dimensions between the ENF and DCB specimens, 7,200 elements were used in the 

mesh, representing approximately the same level of refinement that produced good 

results for the DCB test. 

 

3.3.2 Mechanical fatigue results 

Output from the DCB fatigue case in the form of total delamination length against 

loading cycles is used for comparison with [41], which used analytical and 

conventional finite element models relying on predefined the crack paths, to track 

the delamination growth. The main aim of this test case was to investigate the 

capability of VCCT based XFEM methodology to model delamination growth under 

fatigue loading, including the correct implementation of the Paris equation for 

fatigue crack growth. Krueger’s work contains a detailed sensitivity analysis of the 

effects of various input parameters such as the time increments used and the element 

size and type on the overall delamination growth. In order to make a meaningful 

comparison with the published work, a test case with similar crack tip element size 

was chosen. The crack growth curves for both models are plotted in Fig. 3.13.  
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Figure 3.13 (a) Snapshots of delaminaion growth from the model at various cycles 

(i)-(v). (b) Comparison of delamination growth behaviour between model and [41]. 

 

Both curves in Fig. 3.13 (b) exhibit the characteristic linear increase in delamination 

length expected of the Paris equation when plotted on a log scale. The matching 

slopes of the growth curves and similar overall delamination length indicate 

successful implementation of the Paris equation for fatigue crack growth in the 

model. This was achieved without the need to predefine the crack propagation path 

or bonded surface regions as was required in [41]. 
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As mentioned previously, a number of factors could account for the slight offset 

between curves, meaning careful consideration of appropriate time incrementation 

and element size amongst other parameters is essential to the accuracy of the model. 

Decreasing the time increment used in the analysis was found to lead to more 

accurate prediction of crack propagation, in keeping with Krueger’s findings. The 

downside to this is vastly increased computation time, requiring a trade-off between 

accuracy and model run-time. As a result, a time increment of 0.001, or one 

hundredth of a loading cycle, was used, based on the accuracy of preliminary 

simulations. 

Specialised general solution controls were also required to achieve convergence 

within a reasonable time frame, due to the discontinuous nature of the analysis. 

These solution control parameters can be used to change the convergence control 

algorithm and the time incrementation used by the finite element code. By using a 

discontinuous analysis, the default time incrementation parameters I0 and IR were 

changed to 8 and 10 respectively, with the effect of increasing the number of 

equilibrium iterations before convergence checks were conducted. The default value 

of IA, the maximum number of cutbacks allowed for an increment, was increased 

from 5 to 20. Cutbacks occur during crack propagation, with dynamic reductions in 

time increment being used to ensure convergence of the solution. Although changing 

the default solution controls is not recommended for most analyses, the complexity 

of crack propagation simulations requires this fine-tuning in order to achieve 

solution convergence within an acceptable run-time, or in some cases, to converge at 

all. These changes did not impact the accuracy of the delamination growth prediction 

for the converged solutions. See A.3 for more details on the convergence controls 

used in this chapter. The reader is referred to [45-47] for more detailed studies on 

error control for quasi-static analyses and XFEM in general. 

 

3.3.3 Thermal fatigue results 

The thermal fatigue delamination test case represents an important step in 

determining the applicability of using the VCCT based XFEM methodology to 

predict delamination length for cryogenically cycled laminates. Experimental data 
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relating to delamination growth under cryogenic cycling for CFRP is not widely 

available in the literature at this time. The output from the thermal fatigue model was 

therefore compared with experimental data from the work of Ramanujam et al. [42]. 

In this work, data relating to the crack growth which occurs in a cross ply CFRP 

laminate subjected to 500 thermal cycles is presented. A comparison between this 

crack growth data and the current predicted data is shown in Fig. 3.14.  

 

Figure 3.14 (a) Snapshots of delaminaion growth from the model at various cycles 

(i) – (v), where (v) shows delamination growth of 9.5 mm at 2000 cycles. (b) 

Comparison between crack growth output from the model and experimental data 

from [42]. 
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The crack growth predicted is shown to closely match the experimental data, with 

the propagated length differing by only 0.2 mm after 500 loading cycles. This is in 

keeping with the tendency of 2-D models to provide a conservative estimate of total 

crack propagation length, as well as illustrating accuracy of this technique in 

modelling thermal fatigue crack growth. Similar modifications to the model solution 

controls as outlined in Section 3.3.2 were also applied to this case. 

It should be noted that the crack lengths from the experimental data were taken from 

surface of the laminate and may not reflect the crack lengths through the specimen 

thickness [42]. A 3-D model would be required to investigate possible differences in 

crack propagation through the entire laminate, relating to the aforementioned free 

edge effects. However, the 2-D model tracks the delamination growth with good 

accuracy and with over an order of magnitude reduction in the computational 

expense of a full 3-D model of the laminate, such as the 60,000 solid element model 

used by Ramanujam et al. 

 

3.3.4 DCOD and permeability results 

The model of the quasi-isotropic FLM described in Section 3.2.5 was subjected to 75 

cryogenic loading cycles, consisting of a ΔT of -476 °C. An initial delamination 

length, 𝑎0, of 0.75 mm was chosen as a test case to ensure proper implementation of 

the Paris equation in the model. Fig. 3.15 shows the delamination growth in the FLM 

for this case. 
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Figure 3.15 (a) Snapshots of delaminaion growth from the model at various cycles 

(i) – (iv). (b) Plot of the delamination growth for the 0.75 mm initial delamination 

case after 75 cycles. 

 

Successful implementation of the Paris equation for the FLM is observed in Fig. 3.15 

(b), with the characteristic steady growth phase commencing at cycle 36 and 

continuing until the analysis was stopped at cycle 75. The bulk of the delamination 

growth occurs during this phase, with the initiation phase below cycle 35 

contributing little to the total overall delamination length.  
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The effect of varying the initial delamination length on the total delamination growth 

for 75 loading cycles was subsequently investigated. Although no initial crack is 

required for the analysis, in order to reduce the model run-time an initial 

delamination length was included in this study to ensure prompt propagation. These 

initial delamination lengths were selected to be on generally the same size scale as 

the laminate thickness, making their dimensions comparable to common 

manufacturing defects which could be present in the composite. As in the previous 

test cases, the subsequent crack propagation path was not defined in the model. Fig. 

3.16 (a) shows the change in total delamination length observed for the various intial 

crack lengths with which the FLM was seeded.  
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Figure 3.16 (a) Plot of total delamination length, which combines initial and growth 

lengths, against initial delamination length for 75 load cycles. (b) Plot of normalised 

delamination growth against initial delamination length for 75 load cycle with 

exponential trend line superimposed. 

 

The total delamination length in this case is defined as the sum of the initial seeded 

length and the subsequent growth length. The first crack length chosen was 0.0762 

mm, which corresponds to the ply thickness of the laminate. For the given load and 

cycling conditions chosen, no delamination growth was recorded for this 

delamination length. Upon increasing the initial crack to a length between the ply 

thickness and approximately 0.25 mm, high relative growth occurs before levelling 
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off to a near linear relationship for longer initial delamination lengths. A possible 

reason for the lack of growth of cracks shorter than the ply thickness is the 

magnitude of the energy release rate at these lengths. It has been observed [48] that, 

under displacement control, J-integrals reach their maximum value when the 

delamination length equals the ply thickness, so that steady delamination growth can 

be expected after the delamination length has exceeded ply thickness.  

Fig. 3.16 (b) plots normalised delamination growth against the initial delamination 

length, where the y-axis is normalised with respect to the initial delamination length. 

For initial crack lengths close to the ply thickness, high relative growth rates are 

observed, while a distinct levelling off in relative growth is noticeable for the longer 

initial delamination lengths. Physically, this can be attributed, in part, due to the 

increasingly large crack length requiring greater load amplitude to achieve consistent 

crack growth rates. For mixed-mode loading at a constant amplitude this implies that 

after a certain delamination length has been attained, delamination growth rate will 

eventually reduce to a point wherby an increased load amplitude is required to 

further propagate the crack. The graph appears to follow an exponential trend, shown 

by the dotted line in Fig. 3.16 (b), of the form given in Eqn. 3.14  

                                                  

𝑎𝑡𝑜𝑡 − 𝑎0

𝑎0
= 𝛽𝑒−𝛼𝑎0 

                                                   

where 𝑎𝑡𝑜𝑡 is the total delamination length after 75 cycles and 𝛽 and 𝛼 are constants 

with values 1.42 and 1.20, respectively.  These graphs highlight the influence of the 

initial delamination length on subsequent crack growth for the FLM. This trend 

suggests the presence of interlaminar defects, with similar dimensions to the 

laminate ply thickness, could represent areas of greater concern with regard to crack 

growth rates for relatively low cycle applications. 

The relationship between DCOD and delamination length for the FLM is shown in 

Fig. 3.17, which uses some of the delamination lengths from the previous crack 

growth models. The values for DCOD for each delamination length were measured 

as per the method outlined in Fig. 3.9, based on the relative displacement of nodes in 

the finite element mesh. A linear relationship between the delamination length and 

(3.14) 
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the DCOD was predicted by [6], using estimated delamination lengths based on the 

number of thermal cycles applied to the lamiante. Fig. 3.17 illustrates a similar linear 

trend for the FLM, wherby the longer the delamination present, the greater the 

resulting transverse crack opening displacement for a given ply thickness.  

 

Figure 3.17 Plot of DCOD against delamination length for the FLM under thermal 

loading. 

 

However, in this case, the different delamination lengths were not based on an 

estimation, but were predicted for a given number of cryogenic cycles, using the 

previously outlined methodology. 

This direct relationship highlights the importance of accurate prediction of 

delamination length when modelling and designing composite structures in which 

permeability is an issue, with the magnitude of the DCOD being related to 

permeability by Eqn. 3.13. For completeness, the effect of crack density (CD) and 

delamination length, as predicted by the FLM, on laminate permeability are shown in  

Fig. 3.18. It should be noted that the permeability calculations for the laminate were 

based on preliminary material conductance values obtained from [6]. As predicted by 

Eqn. 3.13, both delamination length and crack density are found to strongly 

influence laminate permeability. Longer delamination lengths, through the 

relationship with DCOD shown in Fig. 3.17, lead to larger overlap areas and hence 

wider leakage paths for fluid to permeate through. A greater crack density means the 
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existence of more transverse micro-cracks per length of laminate, thereby increasing 

the quantity of available leakage paths. 

 

Figure 3.18 Plot of normalised permeability against delamination length for varying 

laminate crack densities for the FLM. 

 

3.4. Conclusions and future work 

This study has presented a novel XFEM-based methodology for the combined 

simulation and prediction of thermal fatigue delamination for identification of 

DCOD and, hence, composite laminate permeability. The methodology was 

validated through simulation of standardised static fracture toughness tests and 

fatigue delamination test methods from the literature.  

Mode I DCB and Mode II ENF models were used to compare the static delamination 

prediction capability with experimental test data for CF/PEEK. The 2-D models 

proved capable of predicting crack propagation onset for both test cases, with a 

critical load deviation of less than 5%, as well as accurately tracking the subsequent 

crack propagation phase. Preliminary studies using a 3-D model of the DCB test 

specimen were also conducted, with the move to a 3-D modelling space bringing an 

associated order-of-magnitude increase in run-time, even when using a coarse mesh. 
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The accuracy of the low computational cost 2-D model in comparison with the 

experimental results highlights the robustness of this approach. 

Sub-critical loading scenarios, in the form of mechanical and thermal fatigue of 

composite laminates, were validated against analytical and experimental data from 

the literature. The DCB fatigue delamination model predictions closely matched 

benchmark studies based on the ASTM standard, which were carried out using 

conventional finite element analysis. Crucially, the predictions were carried out at a 

significantly reduced computational cost and without the need to define a crack path, 

a-priori. Modelling of mixed-mode delamination growth in a thermally cycled cross-

ply laminate was also conducted, with the results being compared with experimental 

data from the literature. The delamination growth length predicted after 500 thermal 

cycles was found to be within approximately 5% of the experimental measurements, 

with the 2-D model providing slightly conservative results. 

Delamination growth in a quasi-isotropic laminate under cryogenic fatigue loading 

was used to examine the effects of initial interlaminar defects on subsequent crack 

growth, as well as the relationship between delamination length and material 

permeability based on varying DCOD values. For initial defect lengths close to the 

ply thickness, high relative growth rates were predicted, while a distinct levelling off 

in relative growth is noticeable for the longer initial delamination lengths. This 

suggests the presence of interlaminar defects, with similar dimensions to the 

laminate ply thickness, could represent areas of greater concern with regard to crack 

growth rates for relatively low cycle applications.  

The model also predicted a linear relationship between the delamination length and 

the DCOD, as suggested by the literature.  However, where previous DCOD 

calculations were based on estimated delamination lengths related to the number of 

thermal cycles applied to the lamiante, the new methodology allows accurate 

prediction of the delamination length for an arbitray number of cryogenic cycles. 

The relationship between the DCOD and delamination was such that the longer the 

delamination present, the greater the resulting transverse crack opening displacement 

for a given ply thickness. The applicability of these DCOD values in providing a 

preliminary prediction of cryogenically cycled laminate permeability was also 

illustrated. 



3. A 2-D XFEM-based methodology for fatigue delamination and permeability of 

composites 

88 
 

Future work will include a 3-D implementation of the methodology outlined in this 

work in order to predict intralaminar and interlaminar crack initiation and 

propagation within large scale structures such as cryogenic fuel tanks. To achieve 

this, a dual approach of introducing imperfections into the material is proposed. The 

first approach will involve developing a multi-phase model by randomly distributing 

voids and inclusions of a suitable size range throughout the 3-D material space. 

Upon application of thermo-mechanical loads, these defects are predicted to lead to 

stress concentrations within the laminate, which, using the novel XFEM-based 

methodology outlined, will cause crack nucleation at loads below the fracture 

strength of the bulk material. The second approach will be based on a stochastic 

characterisation on the materials fracture strength to represent the inherent flaws 

within the material. The fracture strength distributions associated with the material 

and loading type will be assigned randomly to enriched elements in the finite 

element mesh of the structure to be modelled. Under loading, cracks are predicted to 

initiate and propagate from and through areas of lower strength. 
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4. Damage characterisation of 

cryogenically cycled carbon 

fibre/PEEK laminates 

 

Article overview 

This work describes the experimental testing undertaken in order to characterise the 

damage formation in CF/PEEK laminates under cryogenic loading. The primary 

motivation for this study was the lack of published data relating to the cryogenic 

cycling of CF/PEEK as well as to investigate the interaction between the two main 

sub-critical damage modes: microcracking and delamination. It marks the first stage 

in a shift away from the conventional 2-D unit cell approach outlined in Chapter 3, 

where the location of transverse microcracks were pre-defined in order to simplify 

predictions. The unique combination of optical microscopy and 3-D X-ray CT 

employed in this work allows the complete characterisation of through-thickness 

crack networks, and hence gas leak paths, throughout the 3-D material space. DCOD 

and crack density values measured from cycled laminates allow the development and 

validation of future models based on the response of the material to the relevant 

cryogenic loading. Furthermore, these techniques are used to investigate the role of 

inherent material defects on crack initiation and morphology in general, laying the 

foundations for a realistic random microcrack initiation modelling methodology. 
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Aside from characterising the fundamental interaction between damage modes, the 

influence of laminate thickness, material type, residual stress and stacking sequence 

on damage formation are also examined. Resulting trends in through-thickness 

microcacking, the magnitude of DCOD and the relative importance of fatigue 

loading provide insight into how to design for minimal laminate permeability; 

lessons which can be applied to larger composite structures such as cryogenic fuel 

tanks. 

 

Abstract 

A unique insight into damage formation in CF/PEEK laminates before, during and 

after cryogenic cycling, using optical microscopy and 3-D X-ray computed 

tomography (CT), is presented. Thicker laminates were found to exhibit significantly 

greater microcrack density and delamination when compared to thinner laminates, 

with lay-up and material type also being important contributing factors. Thermal 

residual stress induced microcracking was also found in thicker laminates post-

processing. 3-D rendering software was used to prove the presence of through 

thickness crack networks within the laminates, as well as the extent of cracking 

through the specimen width. Crack opening in inner and off-axis ply groups was 

found to be significantly less than outer plies, implying the importance of these plies 

in limiting laminate permeability. The presence of voids was found to influence 

crack nucleation and growth paths within the laminates, with full void volume 

characterisation presented. 

 

4.1 Introduction 

Due to their favourable mechanical and physical properties, carbon-fibre reinforced 

polymers (CFRP) are seen as candidate materials for the fuel tanks of next 

generation reusable space launch vehicles (RSLVs) and expendable space launch 

vehicles [1]. With the RSLVs undergoing numerous fuelling/refuelling cycles, the 

tank walls will be repeatedly exposed to cryogenic temperatures as low as -250 °C. 

This thermal cycling can lead to microcracking and delamination formation within 
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the CFRP, which, in severe cases, can result in permeation of the cryogen through 

the fuel tank walls. Therefore, a precise understanding of the methods of damage 

accumulation and how the various damage modes interact within thermally cycled 

composite laminates underpins the potential use of CFRP for RSLVs. Transverse 

microcracking in off-axis plies is typically the first noticeable damage mode 

encountered in composite laminates. Due to the multiaxial nature of thermal loading, 

cracks may form in both the outer and inner ply groups [2, 3] and may occur below 

the failure strength of the bulk material [4]. Overlapping microcracks in adjacent 

plies contribute to the formation of leakage paths through a damaged laminate, with 

factors such as stacking sequence, laminate thickness, and edge effects all affecting 

crack density and permeability [5-10]. With subsequent thermal cycles or increased 

amplitude of loading, delaminations may initiate from existing transverse cracks or 

from free edges. These delaminations can connect staggered microcracks in adjacent 

plies, leading to the formation of leakage paths that might not have developed 

through microcracking alone. The presence of delaminations can also lead to 

increased transverse crack opening at ply interfaces [11-14]. Delamination growth in 

laminates with existing transverse cracks under thermal fatigue loading has been 

modelled, showing a direct correlation between delaminated crack opening 

displacement and laminate permeability [15, 16]. This paper seeks to characterise the 

internal structure and damage present in pre- and post-cryogenically cycled 

CF/PEEK laminates of varying thickness and lay-up. Previous research into 

thermally induced microcracking has been limited to cryogenically cycling 

specimens of similar thicknesses [17-19], sometimes leading to ambiguous results 

due to the unknown role of thermal gradients and laminate thickness for the same 

material. However, the effects of varying centre-ply group thickness on 

microcracking has been studied and is well summarised in [2], which notes that the 

strain to initiate microcracking in the centre plies of cross-ply laminates decreases 

with increasing ply thickness.  In this work, a comprehensive experimental study 

involving laminates made from unidirectional CF/PEEK tape sourced from three 

suppliers, in three different thicknesses (8-ply, 16-ply and 32-ply) and in two lay-up 

configurations ([0°/90°]2S and [0°/45°/135°/90°]S) is undertaken. Two non-

destructive testing (NDT) techniques are used to monitor damage progression before 

and during cycling: 2-D optical microscopy and 3-D X-ray computed tomography 

(CT). X-ray CT is increasingly becoming a viable testing technique due to 
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technological advances and reduction in equipment costs. This technique allows a 

full 3-D characterisation of the damage modes within a specimen [20-22], as well as 

allowing for void identification [22-25]. The majority of work in the area to date has 

focused on the scanning of small, representative volumes, with relatively few 

published works on damage characterisation in full specimens [26], particularly for 

thermally cycled laminates. This work offers insight into the defects present and 

damage formation in cryogenically cycled laminates by combining the detail of high 

magnification optical microscopy with the global outlook offered by 3-D X-ray CT. 

Void contents for each laminate type are compared and the effect of voids on crack 

initiation and crack growth paths are investigated. Crack density and crack opening 

displacement (COD) measurements taken from each specimen are used to show the 

significant influence of laminate thickness, lay-up and material type on subsequent 

damage. The importance of inner ply cracking for overall laminate permeability is 

also shown, with off-axis cracking observed to be more extensive than previously 

thought.  

 

4.2 Methodology 

4.2.1 Materials 

CF/PEEK is a high-performance thermoplastic carbon-composite material. 

Thermoplastic composites offer a number of advantages over thermosetting 

composites in terms of the improved range of properties and processing techniques 

available. Crucially, CF/PEEK exhibits significantly higher toughness values, 

particularly Mode I fracture toughness, when compared to CF/epoxy materials, 

which translates to increased resistance to damage propagation [27-29]. 

Thermoplastics also allow the use of out-of-autoclave processing techniques such as 

automated tape placement (ATP), facilitating the manufacturing of large structures 

like cryo-tanks without the capital investment required for an autoclave several 

metres in diameter. Three types of CF/PEEK were used in testing: (i) Suprem 

T/60%/IM7/PEEK/150, (ii) Cytec APC-2 IM7 and (iii) Tencate CF/PEEK CETEX 

TC1200 AS4. Two lay-ups were also used for each material type: [0°/90°]2S cross-

ply and [0°/45°/135°/90°]S quasi-isotropic configurations. Table 4.1 summarises the 
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mechanical properties of a range of common CF/PEEK materials. (See A.4 for more 

material and processing information). 

Table 4.1 Summary of mechanical properties of various types of commercially 

available CF/PEEK from manufacturers’ datasheets. 

Property 

Cytec APC-

2/AS4 

(60%) [31] 

Cytec APC-

2/IM7 

(60%) [31] 

Tencate 

AS4 (59%) 

[32] 

Tencate 

IM7 

(59%) 

[32] 

Suprem AS4 

(55%) 

[33,34*] 

Suprem 

IM7 (60%) 

[34] 

0° Tensile 

Modulus 

GPa (°C) 

138 (-55°C), 

138 (24°C) 

172 (-55°C), 

172 (24°C) 
130 172 

141(196°C), 

126 (70°C), 

144 (20°C) 

130* 

165 

90° 

Tensile 

Strength 

MPa (°C) 

99 (-55°C), 

86 (24°C) 

63 (-55°C), 

60 (24°C) 
76 86 

51 (196°C), 

62 (-70°C), 

54 (20°C) 

90* 

65 

90° 

Tensile 

Modulus 

GPa (°C) 

10.3 (-

55°C), 

10.3 (24°C) 

11 (-55°C), 

10 (24°C) 
10 10.3 

9.4 (70°C), 

8.9 (20°C) 

10* 

10 

GIC J/m
2
 

(°C) 

1500 

(55°C), 

1700(24°C) 

1600 

(55°C), 

2300(24°C) 

1510(20°C) N/A 1062 (20°C) 1515(20°C) 

GIIC J/m
2
 

(°C) 

1800 

(55°C), 

2000 (24°C) 

2100 

(55°C), 

1900 (24°C) 

1910(20°C) N/A 1000 (20°C) 1355(20°C) 

 

In order to determine the effect of laminate thickness on microcracking, three 

different thicknesses were used for each lay-up configuration. These laminate 

thicknesses corresponded to ply counts of 8, 16 and 32, with the plies being 

approximately 0.14 mm thick for all materials. Ply-level scaling was used to vary the 

laminate thickness. The rationale here is that this method can provide a more 

accurate view of the role of thickness in damage formation during processing and 

cryogenic cycling when compared to the sub-laminate scaling method, due to the 

consistent mechanical [30] and thermal response of the laminate with increasing 

thickness. An interlaced stacking sequence, based on scaling at a sub-laminate level, 

would be more effective for the design of cryo-tanks against microcracking. 

However, the present testing was not devised to limit microcracking, but to allow a 

direct comparison between damage formation in laminates of varying thickness. 
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Using an interlaced stacking sequence would potentially mask the full extent of this 

thickness effect in terms of damage formation. Fig. 4.1 summarises the test specimen 

materials and lay-ups.  

 

Figure 4.1 Summary of the materials, lay-ups and thicknesses used for the test 

specimens. 

 

The laminates were hand laid-up and autoclaved. The Cytec and Tencate material 

had a processing temperature of 385 °C, with the Suprem material being processed at 

375 °C, as per manufacturers’ instructions. The temperature and pressure traces 

during autoclaving are plotted in Fig. 4.2. (See A.4 for further material processing 

details). 

 

Figure 4.2 (a) Autoclave in ÉireComposites used for consolidating laminates (b) 

Temperature and pressure traces for the laminates during autoclaving. 
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The average cooling rate and peak cooling rate were 3.8 °C/min and 4.9 °C/min 

respectively. Each laminate measured approximately 150 mm x 70 mm as 

manufactured, with three identical test specimens, measuring 27 mm x 34 mm, being 

extracted using a water-jet cutting machine in order to minimise damage to the free 

edges. The specimen dimensions were chosen as a compromise between having a 

side length which was sufficient to display negligible edge effects at its mid-point 

and being compact enough to allow a comprehensive X-ray CT scan of the entire 

specimen. 

 

4.2.2 Specimen preparation 

Prior to thermal cycling, the specimens were prepared for optical microscopy 

through grinding, polishing and cleaning of the specimen edges. The objective of 

this was to achieve a sufficiently reflective surface to allow for material 

characterisation and crack detection on a given cross-section. Two specimens from 

each laminate were polished, one on the 0° side (aligned with fibres) and one on the 

90° side (with the 0° fibre ends visible). This allowed the viewing of transverse 

cracks through each ply in the laminates. Prior to polishing, the specimens were 

mounted in quick-set epoxy resin holders. The specimens were hand ground using 

successively finer grit paper ranging from P180 to P2400, before being machine 

polished on cloth using diamond solutions ranging from 6 μm to 0.25 μm. The 

specimens were thoroughly cleaned with water, soap solution and isopropyl alcohol 

between each grinding and polishing stage (See A.1). 

 

4.2.3 Thermal cycling 

Liquid Hydrogen (LH2) is often used as fuel for space launch vehicles, with liquid 

Oxygen (LOX) being used as the oxidiser. Due to cost and safety concerns 

associated with using open containers of these cryogens, liquid Nitrogen (LN), 

which has a boiling point between that of LH2 and LOX  at -196 °C,  was used for 

cycling the laminates. The thermal cycle consisted of immersing a batch of the 
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specimens directly into an open Dewar of LN2 (Fig. 4.3 (a)), before placing them in 

warm air flow at 40 °C from a fan (Fig. 4.3 (b)). 

 

Figure 4.3 (a) Open Dewar of LN2 with immersed specimens (b) Specimen dryer 

used for warming 

 

 In order to ensure the specimens reached thermal equilibrium during the cooling and 

warming stages, a thermocouple was embedded within an initial 8-ply test specimen 

to track temperature change at its centre. The temperature trace is shown in Fig. 4.4.  

 

Figure 4.4 Temperature trace for an 8 ply specimen immersed in cryogen and 

warmed in air flow. 

 



 4. Damage characterisation of cryogenically cycled carbon fibre/PEEK laminates 

102 
 

The centre of the specimen was found to reach -196 °C within 2 minutes following 

immersion in the LN2, while the centre of the specimen reached 40 °C 6 minutes 

after removal of the specimen from the Dewar, giving a total cycle time of 8 

minutes. In order to account for any margin-of-error in the temperature 

measurements, the standard cycle time for an 8-ply laminate was increased to 11 

minutes, consisting of a 3 minute cool down period followed by an 8 minute 

warming period. In order to estimate the required cycle times for the thicker 16-ply 

and 32-ply specimens, 3-D finite element (FE) heat transfer simulations were 

conducted. These models predicted that a doubling of specimen thickness would also 

lead to an approximate doubling in cycling time, as well as showing the magnitude 

of thermal gradients with the specimens themselves. Fig. 4.5 plots the maximum 

variation in temperature between the surface of a specimen and its centre for 

multiple ply thicknesses using a surface convective heat transfer coefficient of 75 

Wm
-2

K
-1

. This value represents the lower end of the transfer coefficient range based 

on predictions from the temperature trace in Fig. 4.4.  

 

Figure 4.5 Comparison of FE predicted maximum temperature differences between 

the outer surface and centre point of specimens for a range of ply thicknesses. 

 

The longitudinal and transverse thermal conductivities used in the simulation were 

6.0 and 1.2 Wm
-1

K
-1

 [35] respectively while the density and specific heat capacity 

were 1550 kgm
-3

 and 950 Jkg
-1

K
-1

 [35]. Based on the temperature trace for the 8-ply 
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laminate and predictions from the FE simulations, the cycle times for the 16-ply and 

32-ply laminates were chosen as twice (22 mins.) and four times (44 mins.) the 8-ply 

time, respectively. The specimens were exposed to 50 cryogenic cycles, which is 

representative of at least 10 launches of a RSLV, albeit without consideration of the 

additional mechanical loading acting on the cryo-tank (See A.5 for further detail on 

cryogenic cycling). 

 

4.2.4 Material and damage characterisation 

Characterisation of the internal structure of the laminates and subsequent crack 

growth monitoring was carried out using optical microscopy and X-ray CT. As 

mentioned previously, three identical specimens were extracted from each master 

laminate. Two of these specimens were polished in accordance with the protocol 

outlined in Section 4.2.2. The cross-sections on the polished 0° and 90° sides of 

these specimens were examined under an optical microscope at the following 

magnifications: 12.5×, 50×, 100× and 200×. The sides were viewed before and 

during cycling in order to characterise the internal structure of the laminates and to 

observe subsequent crack growth. The remaining specimen from each batch was left 

unpolished in order to ensure that the preparation process was not damaging the 

specimens prior to cycling. An additional benefit of X-ray CT, is that it does not 

require any specific specimen preparation. The scans were carried out before and 

after cycling using a Phoenix M nano/microtom [36]. The X-ray gun was rated at 

180 kV, with scans being carried out at 160 kV and 28 μA, giving a scan power of 

4.5 W. A total of 1,000 images were generated for each scan over a 360° field of 

view, for a total scan time of 67 minutes. The tomographical reconstruction was 

carried out using Davos software, whilst volume rendering was completed using 

VGStudio MAX 2.2.  Two primary scan resolutions were used in this study: 15 μm 

and 33 μm. A central portion of each specimen was scanned at the higher 15 μm 

resolution before cycling in order to provide a detailed characterisation of the general 

structure of the laminates. The upper scan resolution limit for the specimens was 11 

μm using the Phoenix M; however, due to the proximity between the specimen edge 

and the gun with specimen rotation, this was reduced to 15 μm. The diameter of a 

typical carbon-fibre in high performance composites ranges from 5 μm to 7 μm; 
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hence individual fibres were not discernible for the specimen dimensions of this 

study, even at the highest scan resolution. The specimens were also scanned at 33 

μm before and after thermal cycling. This resolution was the highest available for 

which the entire specimen could be contained within the region of interest on the 

detector, allowing identification of all cracks and defects within the sample (See A.6 

for further detail). 

 

4.3 Results 

4.3.1 Initial characterisation 

General structure 

Optical micrographs of each specimen were taken prior to cycling in order to 

determine any distinguishable structural features which may influence future damage 

build-up. Fig. 4.6 shows typical cross-sections for 16-ply Suprem (a), 16-ply Cytec 

APC-2 (b) and 8-ply Tencate (c) specimens.  

 

Figure 4.6 Optical micrographs of (a) 16-ply QI Suprem (b) 16-ply cross-ply Cytec 

APC-2 (c) 8-ply QI Tencate. 
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The micrographs were selected to represent the general, defect-free structure for each 

material. Both the Suprem and Tencate materials were found to have a relatively 

homogenous structure, with an even distribution of fibres within each ply. Although 

the ply boundaries are distinguishable by narrow resin bands (visible in (c)), the 

laminates were generally well consolidated. The Cytec APC-2 material differed 

considerably, with the fibres appearing to remain clustered in tows, leaving large 

resin-rich areas throughout the laminate. This inhomogeneous structure was 

observed in Cytec APC-2 specimens of all thicknesses and lay-ups. The resin-rich 

areas were also visible in X-ray CT scans of the laminates, as shown by the darker 

areas in Fig.4.7 (b). These scans illustrate the increased resin-rich area content of the 

Cytec APC-2 material with respect to Suprem and Tencate. Thresholding of the scan 

gray-level was used to isolate the resin areas from the carbon fibres, based on the 

difference in density between PEEK and carbon fibre. Large resin bands are visible 

along ply boundaries as well as the more isolated, through-thickness resin areas. 

 

Figure 4.7 Rendered X-ray CT scans of 32-ply cross-ply (a) Suprem (b) Cytec APC-

2 and (c) Tencate laminates, with the darker areas showing resin-rich bands and 

pockets. 
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Defects from processing 

Each laminate was examined for common defects which typically arise from the 

processing of the composite material. Void formation can occur due to the presence 

of trapped air between the plies and/or volatiles within the material, which are 

released during the curing cycle. These voids can act as crack nucleation points 

within the laminate, as well as increasing laminate permeability. Optical micrographs 

(Fig. 4.8) and X-ray CT scans were used to determine the extent of void formation 

within the specimens. 

 

Figure 4.8 (a) Small and medium sized voids in a Suprem laminate (b) Large, 

elongated voids in a Cytec APC-2 laminate. These large, inter-ply voids were not 

common in the examined specimens.  

 

In keeping with findings from [22, 37, 38], smaller voids tended to take on a 

spherical shape, whilst larger voids had a notably more elongated appearance.  

Characterisation of the void content of the specimens through X-ray CT was 

dependant on the resolution of the scan and the thresholding limits used to isolate the 

voids from the surrounding material. For the resolution of 33 μm applicable here, 

only voids with a dimension greater than 66 μm were distinguishable (See A.6). 

Void volume content analyses were carried out on all laminate types using a defect 

detection algorithm from the rendering software. In general, voids were found to be 

evenly dispersed throughout the specimen thickness and width. Fig. 4.9 shows the 

results of this void detection.  
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Figure 4.9 Void volume fraction results for all laminate types obtained using X-ray 

CT analysis software (QI = Quasi-Isotropic; CP = Cross-Ply). 

 

These results are summarised in Table 4.2 in terms of material type, lay-up and 

thickness.  

Table 4.2 Summary of void volume content of the laminates. 

Material Average void volume fraction (%) 

Suprem 0.075 

Cytec 0.028 

Tencate 0.039 

Lay-up Average void volume fraction (%) 

Cross-ply 0.031 

Quasi-isotropic 0.063 

No. of plies Average void volume fraction (%) 

8 0.070 

16 0.054 

32 0.018 

 

 

All specimens examined were found to have a void volume fraction below 0.25%, 

with the majority being below 0.05%. Given that a 1% void volume fraction is 

generally held as the upper acceptable limit for aerospace grade composites, the 
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laminates were deemed to have a very low void content. This low relative void 

content also means that statistical variance in measurements can contribute, in-part, 

to trends in void volume contents for specimens of various CF/PEEK materials, lay-

ups and thicknesses. As shown in Table 4.2, noticeable differences in void content 

were found between laminates of differing lay-up and thickness, with thinner, quasi-

isotropic laminates generally having higher void contents. Fig 4.10 shows a rendered 

X-ray CT scan of a 32-ply Tencate specimen, with a threshold applied to isolate 

voids from the surrounding material.  

 

Figure 4.10 Rendered X-ray CT scan of a 32-ply cross-ply Tencate specimen with a 

threshold applied to reveal voids. 

 

The scan revealed an abundance of small to medium sized voids dispersed evenly 

throughout the specimen. Larger voids, on the order of several mm
3
 in volume, were 

also found clustered together, though in fewer numbers. Analysis of void 

morphology based on the X-ray scans corroborated the qualitative analysis of the 

optical micrographs in that there exists a direct relationship between void sphericity 

and void radius as shown in Fig. 4.11, where sphericity is defined as the ratio 

between the surface of a sphere with the same volume as the defect and the surface 

of the defect [39]. 
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Figure 4.11 Comparison of void sphericity with void radius for all 1,143 detectable 

voids in a 32-ply Cytec quasi-isotropic laminate. Larger voids were found to be less 

spherical than smaller voids. 

 

Post-processing cracking 

Due to the high processing temperature required for CF/PEEK (375 °C to 385 °C), 

thermal residual stresses are well known to be present in laminates immediately after 

processing and cooling to room temperature. The origin of these stresses are 

generally categorised as follows [40]: 

 Micromechanical level – Due to mismatch between thermal expansion 

coefficients between fibres and the matrix 

 Macro-mechanical level – Due to mismatch in expansion between plies of 

varying orientation 

 Global level – Due to thermal gradients within the laminate as a whole 

arising during cooling 

Common defects caused by these residual stresses include microcracking and 

delamination [41]. Upon examination under an optical microscope a number of the 

laminates were found to have residual stress-induced microcracks, before any 

cryogenic cycling commenced. Fig. 4.12 summarises the post-processing 

microcracking in all laminates, where the severity of microcracking is represented on 

a scale from I to V in order of increasing number of cracks. 
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Figure 4.12 Summary of microcracking in all laminates pre - cycling. The laminates 

are classified in terms of the number of microcracks per polished specimen side. (QI 

= Quasi-Isotropic; CP = Cross-Ply). 

 

 The scale represents the average number of microcracks in the most severely 

damaged ply group for each laminate type. Microcrack counts in subsequent figures 

are based on the microcrack fully extending through at least one ply in a given ply 

group. Delaminations are not counted. Fig 4.13 (a) shows microcracking present in 

the 45° plies of 32-ply QI Suprem laminate before thermal cycling.  

 

Figure 4.13 (a) Residual stress induced microcracking in the 45° plies of a 32-ply QI 

Suprem laminate, before thermal cycling (b) Residual stress induced delamination in 

a 32-ply cross-ply Suprem laminate, before thermal cycling. 

 



 4. Damage characterisation of cryogenically cycled carbon fibre/PEEK laminates 

111 
 

All 32-ply QI laminates for each material contained transverse microcracks due to 

residual stresses. The 16-ply QI Suprem specimens also contained microcracks. This 

trend indicates that both macro-mechanical and global level stresses are responsible, 

given (i) the predominance of microcracks in the thickest QI laminates, and (ii) the 

absence of cracks in cross-ply or thinner QI laminates. A notable exception to this 

trend was the 32-ply cross-ply Suprem specimens. While containing little 

microcracking, large-scale delamination between 0° and 90° ply groups was 

observed. Fig. 4.13 (b) shows one such delamination which extends the entire length 

of the examined cross-section. It is likely that this delamination arose due to the 

large mismatch in thermal expansion coefficient between the ply groups, leading to 

stresses sufficiently high to exceed the mixed-mode fracture energy of the 

composite. Fig. 4.14 shows a rendered X-ray CT scan of residual stress induced 

microcracking in a 32-ply QI Suprem laminate.  

 

Figure 4.14 Rendered X-ray CT scan of residual stress induced microcracking in a 

32-ply QI Suprem laminate. The cracks were found to extend across the full width of 

the specimen. 
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4.3.2 Damage characterisation due to thermal cycling 

Global damage trends 

All test specimens were subjected to 50 cryogenic load cycles (as shown in Fig. 4.4), 

with the exception of the 32-ply Suprem laminates, which were subjected to 30 

cycles. The specimens were examined under an optical microscope after cycles 1, 2, 

3, 5, 10, 15, 20, 30 and 50, with snapshots of the laminates and X-ray CT scans taken 

after cycles 1 and 50. After 1 cycle, substantial microcracking and delamintation was 

observed in most of the 32-ply laminates, with more moderate levels of damage 

present in 16-ply laminates and little or no cracking present in the 8-ply specimens. 

No further damage accumulation occurred in any of the laminates, even after 50 

cycles, with the exception of the Cytec APC-2 32-ply cross-ply specimens. Here, one 

extra crack developed in each of the test specimens after cycle 10. The lack of 

damage accumulation subsequent to the first cycle suggests that substantial 

relaxation of residual stresses occurred with the first exposure to cryogenic 

temperatures. The formation of microcracks and delaminations in certain ply groups 

would have reduced the constraint placed upon adjacent, uncracked plies, leading to 

a reduction in stress in these plies for a given temperature drop. The general thermal 

history for the laminates is shown in Fig.4.15.  

 

Figure 4.15 Thermal history for the laminates from processing to cryogenic cycling. 

The processing temperatures given are for a typical CF/PEEK material. 
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The drop in temperature from Tp (processing) through TSFT (stress free temperature) 

and Tg (glass transition) to Tamb (ambient) gives rise to a change in residual stress of 

Δσres. The Stress Free Temperature (SFT) for semi-crystalline polymer matrices is 

found near the peak crystallisation temperature due to the load-bearing capability of 

the newly formed crystalline phase below this point. The exact value of the SFT of a 

given material varies with cooling rate. The value of 315 °C given here is taken as an 

average of the values presented by [42, 43], which lay in the range of 310 °C to 32 

8°C. For some laminates, particularly the Suprem material, these residual stresses 

were sufficient to cause damage initiation. Upon immersion in the cryogen at Tmin, 

the total change in stress in the laminates is given as Δσinit. The magnitude of this 

stress change was sufficient to increase damage levels in previously cracked 

laminates as well as initiating damage in some previously uncracked specimens. 

Subsequent thermal cycling from Tmin to Tmax leads to a stress change of Δσcycle. For 

the majority of specimens, this stress change was insufficient to cause damage 

initiation or further damage propagation. Additional work on the magnitude of the 

thermal stresses, following on from [16] and to be published elsewhere, corroborates 

that cracking occurs on the first cryogenic cycle for certain laminates. Fig. 4.16 

summarises the general damage trends for the specimens in terms of the number of 

microcracks per specimen side.  

 

Figure 4.16 Summary of microcracking in all laminates post - cycling. The 

laminates are classified in terms of the number of microcracks per polished specimen 

side. (QI = Quasi-Isotropic; CP = Cross-Ply). 
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Three primary trends in damage formation were observed in the specimens based on: 

 Laminate thickness 

 Lay-up 

 Material type 

The major difference in crack densities between 8-, 16- and 32- ply specimens is 

indicative of the role played by laminate thickness in microcrack formation. Most of 

the 8-ply laminates were found to be crack-free or, at worst, contain a small number 

of cracks after either 1 or 50 cycles. A larger number of microcracks, up to 15 per 

specimen, were present in the 16-ply laminates, with only the Tencate quasi-

isotropic laminates remaining crack-free. A substantial increase in damage was 

detected in the 32-ply laminates, with all specimens registering at least moderate 

microcracking. High crack densities were observed in most of these specimens, with 

some containing large-scale delaminations, comprising up to 50% of the specimen 

width. The lay-up of the specimens was also found to influence the extent and mode 

of damage in the laminates. Quasi-isotropic laminates generally exhibited higher 

crack densities than cross-ply laminates. However, the tendency to delaminate along 

ply group boundaries was observed in the thicker cross-ply laminates. Fig. 4.17 

compares the extent of microcracking and the damage modes in 32-ply cross-ply and 

quasi-isotropic Suprem laminates.   
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Figure 4.17 (a) Cryogenically induced high density microcracking and 

delaminations in a 32-ply Suprem quasi-isotropic laminate (b) Cryogenically 

induced large-scale delamination and single microcrack in a 32-ply Suprem cross-ply 

laminate. 

 

The micrographs of Fig. 4.17 illustrate widespread damage formation for the Suprem 

laminates, with the quasi-isotropic laminates containing extensive microcracking and 

short delaminations and the cross-ply laminates displaying a number of extensive 

inter-ply delaminations, accompanied by relatively few microcracks with large crack 

opening displacements. This trend was also observed in X-ray CT scans of the 

specimens. Fig. 4.18 shows high density microcracking, with multiple families of 

0°/90° and 45° transverse cracks visible and extending across the entire width of the 

quasi-isotropic specimens (a), (c) and (e).   
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Figure 4.18 X-ray CT scans of post-cycled damage in full specimens for Suprem QI 

and CP (a-b), Cytec APC-2 QI and CP (c-d) and Tencate QI and CP (e-f) 32-ply 

laminates after 50 thermal cycles. 

 

Damage in cross-ply specimens (b), (d) and (f) is characterised by wide transverse 

cracks in the outer plies and extensive delamination between ply groups. Fig. 4.19 

compares the average crack densities for cross-ply and quasi-isotropic 32-ply 

laminates.  
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Figure 4.19 Summary of microcrack densities in Suprem, Cytec APC-2 and Tencate 

32-ply laminates after 50 thermal cycles. The graphs are arranged to display the 

crack density for the four plies in each ply group through the laminate thickness. 

 

There is a clear trend towards higher crack densities in quasi-isotropic laminates, 

particularly in the inner, off-axis ply groups. This trend was corroborated by 3-D 

finite element analyses of the stresses induced in 32-ply quasi-isotropic and cross-ply 

laminates due to a change in temperature from 40 °C to -196 °C, as shown in Fig. 

4.20.  
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Figure 4.20 3-D FE predicted through thickness stress variation due to a ΔT = -236 

°C for 32-ply CF/PEEK (a) quasi-isotropic (edge) and (b) cross-ply (centre) 

laminates. Longitudinal and transverse refer to global directions. 

 

The CF/PEEK was modelled as a linear thermoelastic material, with transversely-

isotropic properties taken as an average of those presented in Table 4.1. The thermal 

properties used in the analyses were those presented in Section 4.2.3. Fig. 20(a) 

shows the through-thickness stress variation for a 32-ply quasi-isotropic laminate at -

196 °C, measured at the edge of the laminate. The peak tensile stress of 74.2 MPa is 

observed to occur in the inner off-axis plies, which were also observed to have the 

highest crack density after physical testing. This tensile stress was also found to be 

higher than the 63.7 MPa predicted for the cross-ply laminates in Fig. 4.20 (b), 

although stress through the thickness for both lay-ups at centre points are identical. 

These peak stress values are also in the region of the average transverse tensile 

strength of both the Cytec and Suprem materials. It is also worth noting the high 

compressive stresses, on the order of 150 MPa, present in the outer and centre ply 

groups at the specimen edges. A transient thermal stress analysis, using a convection 

coefficient of 500 Wm
-2

K
-1

, was also carried out for the cross-ply laminates. This 

convection coefficient represents a value closer to the upper bound of the estimated 

transfer coefficient range. Fig. 4.21 plots the transient thermal tensile stress variation 

at a number of points, from the outer plies through to the centre plies of 8, 16 and 32-

ply laminates.  
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Figure 4.21 3-D FE transient thermal stress analysis for a CF/PEEK laminate 

showing through-thickness transverse tensile stress variation for 8, 16 and 32-ply 

laminates. The time is normalised with respect to the total time required for each 

laminate to reach thermal equilibrium with the liquid nitrogen. Note the origin of 

time has been shifted by 0.2 for the 16-ply model and 0.4 for the 8-ply model for 

clarity. 

 

This plot illustrates the skin-core effect for laminates, whereby unevenly cooled 

specimens exhibit noticeably higher tensile stresses in their outer ply groups, due to 

thermal self-equilibration effects. This effect is more pronounced for thicker 

laminates, with the 32-ply model predicting a highly inhomogeneous stress state, 

characterised by a difference of over 20 MPa between the transverse tensile stresses 

in the outer and inner plies. During the early stages of cooling, the peak transverse 

tensile stress observed in the outer plies of the 32-ply laminate is almost double that 

of the 8-ply laminate. This additional self-equilibration of stress, which is more 

prominent in thicker laminates, contributes to the damage behaviour observed. At the 

end of the cooling, the final stress state within the laminates is identical, regardless 

of thickness, as shown in Fig 4.21. It should be noted that the difference in damage 

formation between the thicker and thinner laminates could also be partly attributed to 

the increased influence of edge effects for thicker laminates, as well as the size 

effect, which is related to the probability of there being a crack-initiating defect in a 

given volume of material [44-46]. It is clear from Fig. 4.16 that certain material 
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types were more susceptible to microcracking than others, with the Suprem 

CF/PEEK material exhibiting the most damage before and after cycling and the 

Tencate material the least. The material properties shown in Table 4.1 can go some 

way to explaining these differences. The Tencate material, which uses the less stiff 

AS4 fibres, is quoted as having a transverse tensile strength approximately 15% 

higher than the Suprem or Cytec materials. Although microcracking cannot be 

explained in terms of transverse tensile strength alone [2], the lower strength values 

for the Cytec and Suprem materials would lead to, on average, earlier onset of 

damage when compared to a similar Tencate laminate for the same cryogenic cycle. 

Available fracture toughness data for Suprem and Tencate show both materials as 

having a similar GIC fracture toughness. However the GIIC value for Suprem is 

significantly lower, which may contribute to the extensive delamination observed in 

the thicker cross-ply Suprem laminates and to the level of damage observed in the 

Suprem laminates in general. The specific fibre surface treatments used for each 

prepreg are not available and may also contribute to differences in damage formation 

between material types. It is also possible that void content may influence the level 

of damage observed in certain specimens. As Table 4.2 shows, the Suprem material, 

and quasi-isotropic laminates in general, were found to have higher void contents, in 

keeping with the higher crack densities found in these laminates. However, the 

heavily damaged 32-ply laminates were also found to have the lowest void content 

by volume, indicating that the thickness effect is likely a more dominant driver of 

damage formation in thermally cycled laminates. 

Crack morphology 

Microcrack shape and location was found to be influenced by crack density and lay-

up. Straight transverse cracks were predominant in low crack density laminates for 

cross-ply lay-ups and, for the most part, in quasi-isotropic (Fig. 4.13 (a)) lay-ups too. 

For quasi-isotropic lay-ups, the cracks tended to arrest or initiate slight delaminations 

at ply group interfaces, while cross-ply cracks tended to lead to larger delaminations, 

ranging in size from one ply thickness to greater than half the specimen width. This 

typically caused the formation of larger crack opening displacements in the cross-ply 

laminates, up to 120 μm width as shown in Fig. 4.22 (b).  
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Figure 4.22 (a) Transverse microcrack and associated delamination in a moderately 

damaged Cytec APC-2 cross-ply 32-ply laminate (b) Significant delaminated crack 

opening displacement in a cross-ply 32- ply Suprem laminate (c) Microcrack 

networks in a Cytec APC-2 32-ply quasi-isotropic laminate (d) Cracks in adjacent 

ply groups joined by a delamination. 

 

In general for low damage levels, the cracks were not seen to influence the shape or 

location of other cracks. In high crack density quasi-isotropic laminates, angled 

cracks were observed in the off-axis plies. These cracks typically propagated through 

the 45°, 135° and 90° plies, being angled in the off-axis plies and generally 

perpendicular to the horizontal in 90° plies. At ply group interfaces, some cracks 

were found to grow straight through while others initiated a short delamination, 

before propagating into the next ply group, as shown in Fig. 4.22(c), (d). Due to the 

widespread interaction between adjacent cracks, through-thickness networks were 

found to be commonplace. Microcracks in the outer ply groups of laminates were 

consistently found to be wider than those in inner ply groups. This is likely due to 

the constraining effects of adjacent plies on inner ply groups. It was also found that 

COD (crack opening displacement) in thicker laminates were greater than in thinner 

laminates. Fig. 4.23 displays COD measurements obtained from optical micrographs 

and image processing software.  
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Figure 4.23 Variation of average COD values through the specimen thickness for (a) 

cross-ply laminates and (b) quasi-isotropic laminates. 

 

These COD values also show that for a given crack network through a laminate 

thickness, the permeability of the laminate would be restricted by the relatively 

narrow crack openings found in the inner and off-axis plies. Some specimens were 

also found to have only have microcracks present in the outer layers, meaning the 

uncracked inner and centre plies would effectively block cryogen leakage. A large 

proportion of cracks in all plies tended to propagate through the entire width of the 

specimen. This is in contrast to the short ‘stitch’ cracks which were found to develop 

in ±45° plies in previous work [8, 47, 48] and only propagated through the length of 

a few ply thicknesses. Fig. 4.24 presents a top-down view of a damaged 32-ply 

laminate, showing overlapping crack families in the 0°/90° and off-axis plies as well 

as the large proportion of microcracks which have extended fully though the 

specimen width. Fig. 4.24 also shows off-axis ply cracks extended through the 

specimen width. 

 



 4. Damage characterisation of cryogenically cycled carbon fibre/PEEK laminates 

123 
 

 

Figure 4.24 X-ray CT scan of microcracking and delamination in a Suprem 32-ply 

quasi-isotropic laminate. Off-axis cracks can be clearly seen running through the 

width of the specimen. 

 

Crack initiation  

Crack initiation in composite materials can occur below the failure strength of the 

bulk constituent materials. As mentioned in Section 4.3.1, defects present in the 

laminate can act as crack nucleation points as well as influencing crack growth paths. 

Crack paths in laminates with high void contents were found to be significantly 

influenced by the presence of these defects, as shown by the micrographs in Fig. 

4.25.  

 

Figure 4.25 (a) Micrograph of a crack path influenced by the presence of voids in a 

Cytec APC-2 32-ply quasi-isotropic laminate (b) Crack spanning central 90° ply 

group and passing through a large void in the same Cytec APC-2 laminate. 



 4. Damage characterisation of cryogenically cycled carbon fibre/PEEK laminates 

124 
 

Fig. 4.25 (a) shows a network of microcracks which appear to have initiated near a 

cluster of voids and propagated towards the centre and edge of the laminate 

simultaneously. Fig. 4.25 (b) shows the influence of a large void on crack formation 

at the centre of the same laminate. No significant difference in microcrack density 

was observed at the specimen edges compared to the centre. However, cracks within 

a few ply thicknesses of the edge were found to grow towards the edge, as seen in 

Fig. 4.25 (a). The most noticeable edge effect was the initiation of free-edge 

delaminations and their propagation towards the specimen centre. It should be noted 

that even after 50 cycles, these delaminations remained confined to the outer corners 

and edges, usually arresting after propagation to a length of approximately 1 to 2 

mm. Fig. 4.26 shows several examples of edge delaminations in 32-ply laminates. 

 

Figure 4.26 (a) Edge delamination and microcracking in a Tencate 32-ply quasi-

isotropic laminate (b) Edge delamination and microcracking in a Suprem 32-ply 

quasi-isotropic laminate (c) Delamination initiation at opposing corners of a Tencate 

32-ply quasi-isotropic laminate. 
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4.4 Conclusions and future work 

Optical microscopy and 3-D X-ray CT have been used to characterise the internal 

structure and damage formation in cryogenically cycled CF/PEEK laminates of 

multiple thickness, lay-up and material type. Combining these techniques facilitates 

a complete 3-D characterisation of damage for entire specimens, whilst also allowing 

detailed investigation of single cracks or defects. A thickness effect was observed 

with respect to damage formation in the laminates. Extensive microcracking and 

delamination was observed in 32-ply specimens, compared to moderate 

microcracking in 16-ply specimens and little or no damage in 8-ply laminates for the 

same number of cryogenic cycles. This effect is attributed to more severe thermal 

gradients during cycling and larger residual stresses for thicker specimens. Lay-up 

and material type were found to affect damage formation, with quasi-isotropic 

laminates performing worse than cross-ply laminates, particularly in relation to 

microcrack density. Through-thickness microcrack networks were found to occur 

more readily in quasi-isotropic laminates, implying poorer permeability 

characteristics. After cycling, the Suprem IM7 material contained the most 

microcracking, followed by the Cytec IM7 and Tencate AS4. Available material 

property data from the manufactures and previous testing showed that the Suprem 

material had a lower GIC and GIIC fracture toughness than the Cytec material, while 

the Tencate material had the highest 90° tensile strength. Microcracking was 

detected in some specimens pre-cycling, which can be attributed to residual thermal 

stresses arising from processing. For most laminates, no further damage 

accumulation occurred after the 1
st
 cryogenic cycle. Using 3-D X-ray CT, the 

majority of cracks, including those in off-axis plies, were found to extend fully 

through the specimen width. Voids were found to significantly influence the location 

of microcracks and the path of subsequent crack growth. Delaminations were found 

to initiate at the free edges of the more heavily damaged 32 ply laminates, but only 

extended a short distance towards the specimen centre after 50 cycles. Microcrack 

density was not greatly influenced by proximity to free edges. Crack opening 

displacement of transverse cracks was found to generally increase with the length of 

adjacent inter-ply delaminations. Large crack openings were observed in thicker 

laminates, particularly in the outer plies. Crack opening in inner and off-axis ply 
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groups was found to be significantly less than outer plies, implying the importance 

of these plies in limiting laminate permeability. Future work will include further 

cycling of the laminates until failure of all specimens. This is envisaged to require 

several hundred cycles for the thinner laminates and will be carried out using an 

automated cycling system. Modelling work will focus on prediction of crack 

densities and COD observed in experimental work using XFEM and statistical 

methods, with an aim to calculating laminate permeability. 
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5. A combined 3-D XFEM and 

cohesive zone model for composite 

laminate microcracking and 

permeability 

 

Article overview 

This work presents a novel computational methodology for predicting three-

dimensional microcracking, delamination and permeability in composite laminates. 

Based on the complex 3-D crack networks observed in the experimental testing in 

Chapter 4, the need to expand permeability prediction beyond the pre-defined 2-D 

unit cell models of Chapter 3 is apparent. This methodology combines the use of 

XFEM for random microcrack initiation with a cohesive zone model for 

delamination, allowing discrete damage modelling of multi-ply composite laminates. 

The method is developed so as to avoid pre-defining the position of transverse 

microcracks or initial delamination lengths, leading to more realistic crack growth 

simulations. The three key contributing factors to laminate permeability, namely 

DCOD, crack density and overlapping crack networks, can all be predicted using the 

method for direct comparison with measured experimental values. 

Central to the flexibility and novelty of the method is the simulation of random 

microcrack initiation and growth in the absence of geometrical or load-based stress 
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concentrations by XFEM. This is achieved through the use of two alternative 

methods: the first is based on a volume-adjusted Weibull distribution of fracture 

strengths and the second is based on incorporating the presence on defects into the 

material based on the 3-D X-ray CT scans presented in Chapter 4. From 

experimental observations of delamination growth paths, a defined cohesive fracture 

plane for inter-ply failure is used in conjunction with the intra-ply XFEM. This helps 

to significantly reduce the computational cost of damage models, allowing each ply 

to be modelled using a single element through the thickness. If XFEM was used to 

model inter-ply failure, special purpose interface elements would have to be included 

at each ply interface. This would effectively double the number of elements, and 

associated computational time, required for damage simulations. Also, XFEM 

currently allows only a single crack, or damage mode, to be modelled in a given 

element. This limits the ability to capture coincident inter- and intra-ply cracking. 

Thus, a combined XFEM-SCZM is essential to the scalability of the approach with 

respect to large laminate structures as well as the ability to accurately predict crack 

opening at ply interfaces. The method is validated against experimental work by 

comparison of DCOD values for rectangular coupons. Permeability calculations are 

also presented and the results are compared with measurements from leak testing of 

similar materials. 

 

Abstract 

A novel computational methodology for predicting three-dimensional microcracking 

and permeability in composite laminates is presented. The methodology simulates 

microcrack initiation and propagation using the extended finite element method 

(XFEM) and delamination using a mixed-mode cohesive zone model. Random 

microcrack initiation is modelled using a random (Weibull) distribution of fracture 

strengths. The Weibull distribution is adjusted to account for specimen volume, 

allowing mesh independent crack density predictions.  An alternate method is also 

investigated, based on an elemental representation of defects using measured void 

geometry. The predicted microcracking and damage distributions are shown to 

correlate closely with 3-D X-ray CT (computed tomography) scans of cryogenically 

cycled specimens. Crack opening displacements are consistent with laminate test 
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measurements. Permeabilities, based on the dimensions of the leak paths, were found 

to be within the measured range for various CF (carbon fibre)/PEEK materials. 

 

5.1 Introduction 

Due to their high specific strength and stiffness, composite materials are ideal for use 

in industries such as aerospace, automotive and renewable energy, amongst others. 

However, a major issue with using composite materials for such applications is their 

propensity to microcrack and delaminate under thermal and mechanical loads. Taken 

by themselves, these damage modes do not typically constitute full structural failure, 

with the early growth of microcracks and delaminations being difficult to detect [1-

3]. However, this sub-critical damage build-up leads to a number of undesirable 

effects such as a multi-directional reduction in strength and stiffness, increased 

susceptibility to attack from solvents and the formation of gas leakage paths through 

the material [4-11]. Understanding the mechanisms of damage accumulation and 

how the various damage modes interact is particularly important for pressure vessel 

applications, including cryogenic fuel tanks for the next generation of re-useable 

space launch vehicles (RSLVs). The formation of through-thickness crack networks 

in such structures can allow cryogen leakage to occur, with catastrophic results [12].   

Intra-laminar failure, in the form of transverse microcracking in off-axis plies, is 

usually the first noticeable damage mode encountered in composite laminates. Due 

to the multi-axial nature of thermal loading, cracks may form in multiple ply groups 

simultaneously and below the failure strength of the material [13-15]. Overlapping 

microcrack families in adjacent plies allow the formation of leakage paths through a 

damaged laminate, with factors such as stacking sequence and laminate thickness 

being known to influence crack density and permeability [16-19]. With more severe 

loading, inter-laminar damage in the form of delamination may develop, which can 

link microcracks in adjacent plies, leading to the formation of leakage paths that 

might not have developed through microcracking alone. The interaction between 

delaminations and microcracks has been found to affect transverse crack opening at 

ply interfaces [20, 21]. Delamination growth in laminates with existing transverse 

cracks under thermal fatigue loading has previously been modelled by the authors, 
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showing a direct correlation between delaminated crack opening displacement and 

laminate permeability [22, 23]. 

The complexity of multiple failure modes acting simultaneously within a composite, 

in addition to random crack initiation due to variations in material properties, lay-up, 

loading and the presence of manufacturing defects, calls for a sophisticated and 

flexible modelling methodology. Attempts at developing finite element models 

capable of predicting both intra-laminar and inter-laminar failure in composites have 

used a partition of unity approach for microcracks and a cohesive approach for 

delaminations [24, 25]. However, previous studies have not been able to model or 

predict the formation of random 3-D crack networks in laminates. The ability to 

predict this sub-critical damage build-up in a single model is of prime importance to 

understanding composite structure failure. Existing permeability models have been 

based on repeating 2-D and 3-D geometries, with pre-existing cracks defined [20, 21, 

26-28]. This study, through meso-level modelling of laminates, presents a novel 

methodology to predict random (Weibull and defect based) crack initiation and 

growth in composites laminates. The 3-D models developed allow mesh independent 

prediction of crack density, the direct measurement of crack opening displacement 

and crack overlap areas, and, hence, laminate permeability. The methodology is 

developed on a globally applicable platform allowing the potential of up-scaling the 

approach to deal with large structures, including cryo-tanks. A parallel programme 

of experimental work on cryogenic cycling of CF/PEEK laminates has been 

conducted and some of these results are presented here for comparison and 

calibration purposes. 3-D X-ray CT (computed tomography) scans of pristine and 

damaged laminates have been used to provide input in terms of defect distributions 

and as a means of comparing resulting damage accumulation. The permeability of 

modelled laminates is also compared to previously measured leak rates from test 

specimens. 

 

5.2 Methodology 

The methodology developed in this work is based on a combined XFEM (extended 

finite element method) and SCZM (surface cohesive zone model) approach to 
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damage modelling in composite laminates. XFEM is used for microcrack initiation 

and propagation (intra-laminar failure), with a Weibull strength distribution being 

used to account for the random nature of the distribution of matrix microcracking. 

This approach is predicated on the random distribution of laminate strength within 

the finite element model of the laminate. An alternate method, based on using an 

experimental defect distribution to represent material discontinuities, is also 

presented. Here, a distribution of a-priori micro-voids (ellipsoidal) is defined within 

the finite element mesh, based on measured distributions of these micro-voids. 

Delamination growth between plies (inter-laminar failure) is based on a mixed-mode 

SCZM. A globally applicable XFEM platform is essential due to the 3-D 

requirements for future modelling of large-scale fuel storage tanks and material 

defect distributions which will require crack propagation analysis to be undertaken 

via a user interface. Fig. 5.1 gives a general overview of the method. 

 

Figure 5.1 Flowchart showing the general overview of the method. 

 

5.2.1 Experimental work 

In order to develop accurate models of crack growth behaviour, an extensive 

programme of material and damage characterisation was undertaken, as described in 
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[29]. Optical microscopy and 3-D X-ray CT were used to determine the void 

contents of a range of CF/PEEK materials of varying thickness (8-ply, 16-ply and 

32-ply) and lay-up. Subsequently these laminates were cryogenically cycled in liquid 

nitrogen (+40 °C to -196 °C), with damage progression monitored, also using optical 

microscopy and 3-D X-ray CT. The thicker laminates were found to crack 

extensively after one cycle, with no subsequent crack growth observed after 50 

cycles. The resulting crack patterns and dimensions measured from this experimental 

work, as well as the defect distributions obtained, are employed directly in this 

present work to define the inputs to the micro-void models and to compare the 

predicted microcrack distributions against, i.e. for both calibration and independent 

validation of the models. 

 

5.2.2 Intra-ply microcracking XFEM model 

The extended finite element method is an extension of the classical finite element 

method, based on the concept of partition of unity [30], which allows modelling of 

discontinuities through the use of special enrichment functions which are 

incorporated into the finite element approximation. XFEM is effective and efficient 

for modelling material discontinuities in general, such as voids, grain boundaries, 

dislocations and crack growth problems [31, 32]. Conventional methods of analysing 

such discontinuities require that the finite element mesh conforms to the 

discontinuity. This becomes an issue when modelling crack growth, where the 

dimensions of the discontinuity may change considerably over the course of the 

analysis, so that constant re-meshing is required in order to represent crack growth. 

With XFEM, the discontinuity is defined separately from the mesh, allowing a crack 

of arbitrary shape and location to be modelled effectively without the need for re-

meshing and without the usual extensive mesh refinement required [33]. Knowledge 

of the crack location or propagation path is not required a-priori, allowing the user to 

forego costly mesh refinement and continual updating of the mesh in the area of 

interest. This feature is critical to the ability of the methodology to predict 

microcrack growth due to random inherent material defects in composite laminates, 

which forms the basis of this work. 
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The proposed methodology is implemented here within the general purpose, non-

linear finite element code, Abaqus [34]. This has significant benefits due to the 

widespread use of Abaqus in both academic and industrial applications. Phantom 

nodes are defined within enriched elements to represent the jump in crack surfaces, 

where real and corresponding phantom nodes separate when the prescribed fracture 

criterion has been satisfied. The degree of separation of the nodes is defined via a 

traction-separation cohesive behaviour, whereby the cohesive strength of an enriched 

cracked element decays to zero. The traction–separation model used here comprises 

a linear elastic behaviour phase and a subsequent damage progression phase. The 

constitutive matrix for the elastic phase, relating the stresses and separations in an 

enriched element are given by Eq. (5.1) [34], 

                                           

{

𝑡𝑛

𝑡𝑠

𝑡𝑡

} = [

𝐾𝑛𝑛 0 0
0 𝐾𝑠𝑠 0
0 0 𝐾𝑡𝑡

] {

𝛿𝑛

𝛿𝑠

𝛿𝑡

} 

                                      

where 𝑡𝑛 is the normal component of the stress traction vector and 𝑡𝑠 and 𝑡𝑡 are the 

two shear tractions along the local 1- and 2-directions, respectively. 𝐾𝑛𝑛, 𝐾𝑠𝑠 and 𝐾𝑡𝑡 

are the stiffness components that relate the element stresses to separations and 𝛿𝑛, 𝛿𝑠 

and 𝛿𝑡 are the element separations related to the aforementioned normal and shear 

stresses. 

 

XFEM can be used to model inter-laminar failure. However, in order to accurately 

capture the transition between inter-ply and intra-ply failure modes using XFEM, it 

is necessary to use an increased mesh density at the ply interfaces, due to the 

constraint of one crack surface per element in XFEM. A computationally 

inexpensive alternative proposed here is to combine an XFEM-based microcracking 

prediction methodology with a SCZM methodology for inter-laminar failure. This 

method allows a relatively straightforward interaction between adjacent plies and 

cracks using pre-defined delamination surfaces. This combined approach is 

necessary to facilitate large-scale structural damage modelling, e.g. for cryogenic 

fuel tank structure models, and for subsequent associated permeability predictions. 

Fig. 5.2 illustrates the significant difference in mesh densities required for combined 

(5.1) 
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microcack and delamination prediction using (a) a pure XFEM approach and (b) the 

proposed XFEM-SCZM approach. 

 

Figure 5.2 Comparison of the level of mesh refinement required for (a) a pure 

XFEM based approach and (b) the novel, proposed XFEM-SCZM approach, for 

modelling the transition between a transverse crack and resulting delamination at a 

ply interface. 

 

5.2.3 Delamination SCZM model 

The SCZM simulates the decohesion of initially-bonded delamination surfaces 

which correspond to the outer layers of adjacent ply groups in a laminate. The 

interfaces between such adjacent ply groups are assumed to be of negligible 

thickness. A generalized traction-separation behaviour is implemented for the 

surface decohesion, similar to the XFEM cohesive behaviour. This method allows 

the modelling of delamination at interfaces, with failure of the cohesive bond 

characterized by progressive degradation of the cohesive stiffness in direct 

proportion to the critical energy release rate. The traction-separation model used here 

assumes initially linear elastic behaviour followed by the initiation and evolution of 

damage based on mixed-mode fracture. The elastic behaviour is based on a 

constitutive matrix similar to that of Eq. (5.1). Due to the complex multi-axial 

loading during cryogenic cycling, damage evolution is described by the Benzeggagh 

and Kenane criteria [35] for mixed-mode fracture, which defines an equivalent 

critical energy release rate, 𝐺𝑒𝑞𝑢𝑖𝑣𝐶, combining energy release rates from all three 

fracture modes (𝐺𝐼, 𝐺𝐼𝐼 and 𝐺𝐼𝐼𝐼) as follows: 

                                 

𝐺𝑒𝑞𝑢𝑖𝑣𝐶 = 𝐺𝐼𝐶 + (𝐺𝐼𝐼𝐶 − 𝐺𝐼𝐶) (
𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼

𝐺𝐼 + 𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼
)

𝜂

 (5.2) 
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where 𝜂 is a curve fitting parameter. 

 

5.2.4 Microcrack initiation 

Being an intra-ply failure mode, microcracking is modelled using XFEM. A crack is 

assumed to initiate when the relevant fracture criterion, 𝑓, is exceeded. In this work, 

the maximum nominal stress criterion is used, whereby a crack initiates when the 

value of 𝑓 exceeds a pre-defined tolerance as follows: 

                                                   

𝑓 = 𝑚𝑎𝑥 {
〈𝑡𝑛〉

𝑡𝑛
𝑜 ,

𝑡𝑠

𝑡𝑠
𝑜 ,

𝑡𝑡

𝑡𝑡
𝑜} 

                                              

where 𝑡𝑛
𝑜, 𝑡𝑠

𝑜 and 𝑡𝑡
𝑜 define the peak values of the nominal stress in the normal 

direction and local 1- and 2- (shear) directions. The surface of newly formed cracks 

is orthogonal to the normal component of the stress traction vector, which depends 

on the local material orientation assigned to the enriched element. The X-ray CT 

scans of the cryogenically cycled CF/PEEK laminates show that transverse 

microcracks align with the fibre direction in each ply of a damaged laminate, as 

shown in Fig. 5.3. 

 

Figure 5.3 X-ray CT scan of a cryogenically cycled quasi-isotropic CF/PEEK 

laminate with transverse microcracks aligned with the fibre directions (0°, 45°, 135° 

and 90°). 

(5.3) 
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This dependence of crack-growth direction on the local fibre orientation allows for a 

simplified modelling methodology, whereby a single set of material properties and 

fracture parameters is defined for the 0° ply. Material property definitions can then 

be applied to off-axis plies by transformation via local co-ordinate systems relative 

to the base 0° definition (Fig. 5.4).  

 

Figure 5.4 Transformation of material properties for off-axis plies are carried out 

relative to the base 0° definition. 

 

In order to develop a realistic random damage model, manufacturing defects and 

discontinuities need to be integrated into the simulation. Optical microscopy has 

shown that voids, inclusions, resin-rich areas and other defects within the plies are 

possible crack nucleation points, whereby initiation may occur locally at stress levels 

below the fracture strength of the bulk material. The presence of these discontinuities 

was found to have a direct correlation to crack formation in the cryogenically cycled 

laminates [29]. The principle method of representing these defects and 

discontinuities within the material space is based on a Weibull strength distribution. 

An alternative method, based on an elemental representation of defects, is also 

presented. These methods are discussed below. 

The first approach is based on the inherent random distribution of the material 

fracture strength, to simulate microcrack initiation [15, 25, 36]. A continuous 

probability Weibull distribution is used to represent this distribution of fracture 

strength [37, 38]. For a given load, 𝜎, the strength distribution is given by: 



5. A combined 3-D XFEM and cohesive zone model for composite laminate 

microcracking and permeability 

142 
 

                                           

𝐹(𝜎) = 1 − 𝑒𝑥𝑝 [− (
𝜎 − 𝜎𝑡ℎ

𝜎0
)

𝑚

] 

                                       

where  𝜎𝑡ℎ is the threshold stress below which failure does not occur, 𝜎0 is the 

normalised material strength and 𝑚 is the Weibull modulus. The distribution 

associated with the material is assigned randomly to all enriched elements in the 

finite element mesh (See A.7 for details). Under loading, cracks are predicted using 

XFEM to initiate and propagate from and through areas of lower strength, 

specifically below the fracture strength of the bulk material. Fig. 5.5 shows a 

Weibull distribution of random fracture strengths assigned to a 1,000 element mesh, 

generated using Python code for a carbon-fibre composite material with a mean 

transverse tensile strength of 85 MPa and a Weibull modulus of 12 [25]. 

 

Figure 5.5 Weibull distribution of random strengths for 1000 element mesh with: 𝛔𝟎 

= 85 MPa, 𝒎 = 12. 

 

Python is a multi-paradigm, open source programming language [39] which is used 

here to generate random distributions such as the Weibull distribution, through built-

in functions. It was chosen here as a scripting language due to its compatibility for 

use with Abaqus FE analyses. 
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The second approach for capturing material defects and discontinuities is based on 

an elemental representation of defects. A customised Python code was written to 

randomly vary the elastic properties in a finite element mesh of the composite lay-up 

according to the measured Gaussian distribution of voids, inclusions and resin-rich 

areas [29] (Chapter 4). 

Voids can be represented by ellipsoids within an element volume. Knowing the size 

range of voids within a given laminate, it is possible to randomly distribute voids 

within this size range throughout the laminate. The effect of voids is to degrade 

various material properties [40-43], including stiffness, of the surrounding material 

in an element in proportion to the maximum cross-sectional area of the void as 

viewed from orthogonal reference planes. To this end, it is assumed that the major 

and minor axes of the ellipsoids align with the primary directions (x, y, z), 

corresponding to the fibre and transverse directions, as shown in Fig. 5.6.  

 

 

 

Figure 5.6 y, z, and x-direction area reduction in a 3-D element due to the presence 

of an ellipsoidal void. 
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Based on the measured size ranges of voids from X-ray CT scans of the CF/PEEK 

laminates [29], Gaussian distributions are used to assign appropriate random x 

(length), y (width) and z (height) values for each ellipsoid. These distributions can be 

expressed in terms of the following probability density function for a variate 𝑥: 

                                                   

𝑃(𝑥) =  
1

𝜎√2𝜋
𝑒

−
(𝑥−𝜇)2

2𝜎2  

                                             

where 𝜇 is the mean and 𝜎 is the standard deviation. Expressing the reduction in 

stiffness of a material element as a proportion of the element occupied by a void, the 

corresponding reduced element stiffnesses (𝐸𝑖
∗) are thus calculated as follows: (see 

Section 6.3.3 for further details) 

 

                                                    𝐸1
∗ = (1 − 𝜋𝑦𝑧)𝐸1                                              (5.6) 

                                                    𝐸2
∗ = (1 − 𝜋𝑥𝑧)𝐸2                                              (5.7) 

                                                    𝐸3
∗ = (1 − 𝜋𝑥𝑦)𝐸3                                              (5.8) 

 

where 𝐸1 is the fibre direction modulus and 𝐸2, 𝐸3 are the transverse moduli. Fig. 5.7 

shows the trend in void morphology in terms of the relationship between sphericity, 

𝑆, and void radius, 𝑟𝑣𝑜𝑖𝑑, from the measured data, where sphericity is defined as the 

ratio between the surface area of a sphere with the same volume as a defect and the 

surface area of the defect. The decreasing sphericity of voids with increasing void 

volume is a commonly observed trend in composite materials. 

(5.5) 
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Figure 5.7 Relationship between sphericity and void radius from test data [29] for a 

CF/PEEK laminate for 𝒂 = 𝒃 = 0.167. 

 

This relationship can be expressed as: 

                                                   

𝑆 =  −𝑎 ln 𝑟𝑣𝑜𝑖𝑑 + 𝑏 

                                               

where 𝑎 and 𝑏 are constants. In general, the greater the void volume, the more 

elongated the void. 

The effect of inclusions and resin-rich regions within the material is dealt with in the 

same way as voids. However, instead of reducing the stiffness of an element based 

on the presence of a void, the properties of the element are altered to represent those 

of the discontinuity. In the case of large resin-rich areas in composites, as shown by 

the dark regions in Fig. 5.8, the properties of entire elements are replaced by those of 

the polymer. 
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Figure 5.8 Filtered X-ray CT scan of a CF/PEEK laminate with resin-rich regions 

shown as dark cuboids within the bulk material. 

 

5.2.5 Size effect and mesh dependence 

The effect of specimen size on strength is a well-known physical phenomenon [37, 

44, 45], arising from the higher probability of occurrence of a critical flaw in larger 

specimens than in smaller specimens of the same material. Consider the FE analysis 

of composite laminates with the specimen discretised into a number of individual 

elements, based on the assigned mesh density. If size effects are not taken into 

account, the same strength distribution would be applied to the elements in meshes 

of different densities, resulting in mesh-dependent crack density predictions. Fig. 5.9 

further explains this effect. 
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Figure 5.9 The effect of mesh density on the strength of an element. The probability 

of failure in the 8-element model is greater than for the 1-element model, for equal 

fracture strength distributions applied to each constituent element. This is shown by 

the difference in fracture strength ranges between the 1-element and the 8-element 

distributions. 

 

On average, a larger volume should contain more defects than a smaller volume. The 

two meshes in Fig. 5.9 have equal volumes but different mesh densities. Given that 

the total meshed volume is the same, the probability of failure for both meshes 

should be equal. However, during material property assignment, if the same strength 

distribution is assigned to the single large element as to each of the 8 smaller 

elements, the probability of there being a defect in the denser mesh increases relative 
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to the coarse mesh. This is due to the statistical effect whereby there is likely to be a 

larger variance in 8 distributions than in a single distribution. This means the 

likelihood of failure of one or more elements in the equivalent 8 element mesh is 

greater, leading to a direct correlation between crack density and mesh density. In 

order to correct for this effect, a single large element should, therefore, have a higher 

probability of failure than a single small element from the equivalent 8-element 

mesh. To account for size effect and mesh dependency in crack density predictions 

here, the Weibull distribution is normalised with respect to the reference element 

volume. The volume adjusted mean strength, 𝜎𝑠, for the distribution is therefore 

given as: 

                                                         

𝜎𝑠 = 𝜎0 (
𝑣

𝑉0
)

−1
𝑚⁄

 

                                             

where 𝑣 is the element volume and 𝑉0 is the reference element volume. Fig. 5.10 

shows this theoretical variation of Weibull mean strength parameter, 𝜎𝑠, against 

element volume for a carbon composite material with a mean fracture strength, 𝜎0, of 

75 MPa and a Weibull modulus, 𝑚, of 12, based on Eq. (5.10) for a reference 

element volume of 1 mm
3
. 

 

Figure 5.10 Variation of mean strength with volume for a carbon composite 

material. �̅�𝟎 = 75 MPa, 𝒎 = 12. 
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In order to demonstrate the mesh independence of this approach, a sensitivity study 

was carried out to determine the number of elements, in a given finite element mesh, 

with fracture strengths below the mean fracture strength of the material. A number of 

Weibull distributions were generated for meshes of different densities, giving 

different element volumes, as shown in Table 5.1.  

Table 5.1 Relationship between element volume and the number of elements in a FE 

mesh for a specimen size of 100 mm
3
. 

Number of elements Element volume 𝒗 (mm
3
) 

100 1 

200 0.5 

1000 0.1 

2000 0.05 

10000 0.01 

20000 0.005 

100000 0.001 

 

 

The mean fracture strength was defined to vary with element volume 𝑣, as defined 

by Eq. (5.10). The results of the sensitivity study are shown in Fig. 5.11. 

 

Figure 5.11 A case study showing the effect of element volume on the number of 

elements below a specified mean fracture strength. The plateau below an element 

volume of 0.01 mm
3 

indicates that the number of defects is independent of the mesh 

density for this particular fracture strength distribution and threshold level. 
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The effect of mesh density on the number of elements below the mean fracture 

strength is shown to be invariant for this particular distribution case, within the 

bounds of normal statistical scatter, for element volumes below 0.01 mm
3. Predicted 

microcrack density is directly controlled by the total number of elements below the 

mean fracture strength, i.e. a larger number of weaker elements leads to a higher 

crack density at a given load. Fig. 5.11 shows that the number of low-strength 

elements remains constant for high mesh densities (element volume < 0.01 mm
3
), i.e. 

that the methodology is capable of capturing the effect of element volume on mean 

element fracture strength. Above a certain threshold (element volume < 0.01 mm
3
, 

number of elements < 10,000), mesh independency is achieved. Hence, mesh 

independent prediction of crack density is only possible for a specific range of mesh 

densities. It is necessary, therefore, to establish mesh convergence for reliable results 

for a given fracture strength distribution and threshold level (See A.7). 

 

5.2.6 Permeability prediction 

The extreme thermal stresses arising from cryogenic cycling are sufficient to cause 

extensive through-thickness microcracking and delamination in composite laminates. 

Overlapping crack networks in adjacent plies can lead to permeation of the cryogen 

though the laminate thickness. Fig. 5.12 shows an X-ray CT scan of these crack 

networks present in a cryogenically cycled CF/PEEK laminate [29]. 

 

Figure 5.12 Through-thickness crack network in a quasi-isotropic [0°/45°/135°/90°]S 

CF/PEEK laminate showing 4 distinct overlapping crack families. 
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Due to the prevalence of these crack networks in damaged laminates, permeability 

predictions are typically focused on determining the magnitude of crack openings 

and the overlap area between adjacent damaged plies [20, 21, 26, 27]. Following 

[21], an expression for material permeability for an 𝑁-ply composite laminate, 𝛽0, is 

given as: 

                               

𝛽0 = 𝐶 [∑ (
sin 𝜃

𝐶𝐷𝐾𝐶𝐷𝐾+1𝐷𝐶𝑂𝐷𝐾𝐷𝐶𝑂𝐷𝐾+1
)

𝑁

𝐾=1

]

−1

 

                         

where 𝐶 is the material conductance, 𝜃 is the ply angle, 𝐶𝐷𝐾 and 𝐶𝐷𝐾+1 are the crack 

densities of adjacent plies and 𝐷𝐶𝑂𝐷𝐾 and 𝐷𝐶𝑂𝐷𝐾+1  are the delaminated crack 

opening displacements (DCOD) of adjacent plies. Fig. 5.13 illustrates the overlap 

area formed by two adjacent microcracks. 

 

Figure 5.13 Overlap area formed by the DCOD of two adjacent microcracks, crack 

K and crack K+1, at an angle 𝜽 to each other. 

 

Modelling the following three key damage characteristics, as well as the interaction 

between them, is crucial to developing a methodology capable of predicting laminate 

permeability: 

(5.11) 
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 Crack density - 𝐶𝐷𝐾, 𝐶𝐷𝐾+1 

 Delaminated crack opening displacement - 𝐷𝐶𝑂𝐷𝐾 , 𝐷𝐶𝑂𝐷𝐾+1 

 Overlapping crack families – 𝜃 

 

5.2.7 Finite element implementation 

In order to implement the above methodology combining XFEM and SCZM, the 

Abaqus FE code is employed along with customised Python code. A flowchart of the 

modelling process is shown in Fig. 5.14 

 

 

Figure 5.14 Flowchart showing the implementation of the combined XFEM-SCZM 

methodology within Abaqus and Python. 
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 Step 1: Weibull parameters or defect distributions are obtained from the 

literature/experimental work 

 Step 2: An Abaqus macro is developed in Python script containing relevant 

commands and the model geometry 

 Step 3: The geometry and mesh are generated within the FE programme, with 

the model being partitioned into individual plies or ply groups 

 Step 4: Separate Python scripts are then used to define a volume-adjusted 

Weibull fracture strength distribution (See A.7) or a defect/discontinuity 

distribution 

 Step 5: The relevant material/fracture properties of the composite are then 

updated on an element-by-element basis, based on whichever distribution 

will be used in the analysis and are then randomly assigned to each element 

in the previously generated FE mesh 

 Step 6: A number of XFEM assignment sets are used to automatically enrich 

all elements in the mesh (Fig. 5.15) 

 

 

 

Figure 5.15 Main steps in the FE implementation of the methodology. 
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 Step 7: The SCZM interactions are defined between each ply group (Fig. 

5.15) 

 Step 8: Loading and boundary conditions are defined within the FE software 

and the model is then run 

 Step 9: A Python macro can also be included to run multiple iterations of the 

model using different random distributions for use in Monte Carlo 

simulations 

In step 10, permeability calculations are carried out based on Eq. (5.11), using the 

calculated DCOD and overlap areas from the FE model using an integrated Python 

code: 

 Read nodal connectivity from mesh 

 Read x,y,z nodal displacements from output database 

 Cross reference connectivity with cracked XFEM elements 

 DCOD calculation based on relative x,y,z displacements of adjacent nodes in 

crack elements 

 Calculation of crack-overlap area for individual crack networks 

 Sum over the entire laminate and calculate permeability 

The Python code calculates laminate permeability based on co-incident crack 

networks. For more complex crack networks, the process is augmented by direct 

identification and measurement of leakage path dimensions. 

 

5.3 Test cases 

5.3.1 Transverse tension test 

The transverse tension test for composites was used as a general method for 

verifying the mesh independent microcrack initiation aspect of the methodology. In 

this test, a CF/PEEK coupon 2.5 mm thick, 25 mm wide and with a 150 mm gauge 

length, is loaded in tension. The uni-directional composite lay-up is such that the 

fibres are aligned perpendicular to the direction of extension. A volume-adjusted 
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Weibull strength distribution was assigned to the elements in a number of similar 

specimens with mesh densities varying from 4,000 to 36,000 elements, to give 

element volumes between approximately 2.34 mm
3
 and 0.26 mm

3
, respectively. A 

limit was placed on the distributions such that no element could be assigned a 

fracture strength greater than 110 MPa, which was assumed to be the upper limit of 

the transverse strength of the material, based on the strength of pure PEEK. 3-D solid 

reduced integration elements were used in the analysis, with displacement-control. A 

uniform mesh density was used throughout each specimen. The base case CF/PEEK 

properties used in this and subsequent analyses are given in Table 5.2. The analysis 

results for two different mesh densities are shown in Fig. 5.16. 

Table 5.2 Main properties of CF/PEEK used in analyses. 

 

 

 

 

 

 

 

In Fig. 5.16, fully open transverse cracks can be seen extending partially or fully 

across the specimens, as signified by the presence of red elements. 

Property Suprem IM7 (60%) 

0° Tensile Modulus (GPa) 165 

Poisson’s ratio 0.3 

90° Tensile Strength (�̅�𝟎) (MPa) 65 

90° Tensile Modulus (GPa) 10 

Shear Modulus (GPa) 5.5 

GIC (J/m
2
) 1515 

GIIC (J/m
2
) 1355 

Weibull modulus (𝒎) 12 
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Figure 5.16 Results of the transverse tension tests on uni-directional laminae for the 

4,000 element and 21,000 element specimen models. The specimens are shown at 

failure, with the horizontal red rows of elements signifying fully open cracks. 

 

Numerous partially cracked cyan-coloured elements are also visible in each 

specimen, representing the extent of local damage formation, prior to failure. Fig. 

5.17 (a) shows the result of the size-effect adjustment made to the fracture Weibull 

distributions for each mesh density.  

 

Figure 5.17 (a) Number of elements below the threshold fracture strength limit, set 

at 110 MPa, for each mesh. (b) Bulk transverse stress at failure for each mesh 

density. 
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All distributions yield approximately 500 elements with a fracture strength below the 

pre-assigned threshold of 110 MPa. Fig. 5.17 (b) shows that apart from the specimen 

with the lowest mesh density of 4,000 elements, all other meshes produced results 

consistent with a bulk transverse stress at failure of approximately 98 MPa. This 

result indicates that above a certain density limit (4,000 elements), mesh 

independence is achieved for this specific fracture strength distribution and applied 

threshold level, with specimen failure occurring at a similar, but statistically-varying, 

load point for all models. 

 

5.3.2 Cryogenic permeability prediction  

5.3.2.1 Overview 

The specimens investigated for this case are similar to the rectangular (34 mm× 27 

mm) CF/PEEK laminates tested in [29] (Chapter 4). Of the 8-ply, 16-ply and 32-ply 

laminates which were tested, the thickest 32-ply specimens were found to crack after 

a single cryogenic cycle (ΔT = -236 °C) in liquid nitrogen, leading to the formation 

of extensive through-thickness crack networks and associated crack overlap areas. 

This result was observed through the use of 3-D X-ray CT. At sufficient scan 

resolution (15 μm), it was possible to examine overlapping crack groups in damaged 

specimens, and to directly measure individual crack opening displacements and 

crack overlap areas, as shown in Fig. 5.18. 
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Figure 5.18 3-D X-ray CT scan of a cryogenically cycled CF/PEEK laminate. The 

scan resolution (15 μm) allows the direct measurement of DCOD and crack overlap 

area for individual cracks. 

 

The proposed modelling methodology allows the prediction of laminate permeability 

based on the physical opening of 3-D XFEM cracks in adjacent plies, similar to the 

method by which the overlap area is calculated in Fig. 5.18. The technique is 

illustrated in Fig. 5.19, where a single crack network has been modelled using the 

combined XFEM-SCZM approach, with the DCOD values being directly measured 

at the overlap area. 
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Figure 5.19 A combined XFEM- SCZM model of a single crack network. The 

XFEM-predicted transverse cracking is shown in (a), while the SCZM-predicted 

delamination is shown in (b). The resulting leak path and the method of calculating 

the crack overlap area, based on measurement of DCOD, is illustrated in (c). 

 

5.3.2.2 Weibull distribution method 

The first test case uses a Weibull distribution of fracture strengths to simulate 

random microcrack initiation. The distribution is size dependent and is based on the 

transverse tensile strength of Suprem IM7, given in Table 5.2, for a specimen 

volume of approximately 9375 mm
3
. Two 32-ply lay-up configurations were 

modelled: [0°4/90°4/0°4/90°4]S and [0°4/45°4/135°4/90°4]S, each with a volume of 

4112 mm
3
. The part geometries were uniformly meshed with 120,000 3-D elements, 

for an element volume of 0.034 mm
3
, with a surface interaction defined between 

each of the ply groups. A thermal load, ΔT = -339 °C, based on the difference 

between the glass transition temperature of the material (143 °C) and the temperature 

of liquid nitrogen (-196 °C), was applied directly to the mesh. Note that a transient 

thermal history applied to the mesh, as described in Chapter 6, would more 

accurately capture the thermal loading experienced by the experimental test 
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specimens. This range was chosen to simulate the drop in temperature experienced 

by laminates on the first cryogenic exposure after processing. In addition, symmetry 

conditions were applied to the specimen edges to mitigate against computationally 

expensive edge effects. 

The simulations were performed on 24 2.4GHz Intel Ivy Bridge cores on an SGI ICE 

X system at the Irish Centre for High Performance Computing (ICHEC), with each 

simulation typically requiring 1,150 CPU hours. Extremely small time increments, 

on the order of 10
-16

 units, were required in order to ensure solution convergence, 

due to the rapid growth of multiple cracks simultaneously. Specialised general 

solution controls were also required, including increased number of allowable 

increment cutbacks in line with the discontinuous nature of the analyses. Figs. 5.20 

and 5.21 shows the results of the simulations in terms of the resulting surface 

cohesive forces and the XFEM crack surfaces. 

 

 

Figure 5.20 Predicted (a) SCZM normal force magnitude and (b) XFEM crack 

surface output for the cross-ply laminate using the Weibull distribution method, ΔT 

= -339 °C. 
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Figure 5.21 Predicted (a) SCZM normal force magnitude and (b) XFEM crack 

surface output for the quasi-isotropic laminate using the Weibull distribution 

method, ΔT = -339 °C. 

 

As expected, crack nucleation occurred in low-strength elements first. The 

degradation in stiffness of cracked elements was found to cause an altered stress 

field in the vicinity of the initial crack, leading to an increased likelihood of crack 

initiation and propagation in adjacent elements and ply groups. In the case of the 

cross-ply laminate (Fig. 5.20), the initial nucleation sites subsequently developed 

into the hubs of through-thickness crack networks. As observed in cryogenic 

experiments, transverse microcracks were able to propagate across the entire 

specimen. The majority of cracks grew simultaneously within an extremely small 

time increment (<10
-10

), with the exception of some cracks in the inner 0° plies, 

which took slightly longer to grow across the entire specimen width. This action 

suggests near-instantaneous crack formation on an experimental time-frame. 

Interfacial damage was non-existent, except for relatively minor delaminations along 

crack paths and overlap areas. 
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The quasi-isotropic laminate (Fig. 5.21) was found to exhibit more complex crack 

network formation. Like the cross-ply laminate, initial nucleation sites influenced 

crack formation in adjacent plies; however, not all of these sites resulted in co-

incident through-thickness cracking. Several inter-connected leakage paths were 

predicted, comprised of spatially disparate cracks throughout the laminate. Other 

cracks, particularly in the 90° plies, were predicted to form in isolation, not 

connected to any crack network. Again, the majority of the crack growth was 

predicted to occur simultaneously and near-instantaneously, with the exception of 

the slightly slower growth of cracks in the outer 0° plies. Minor delamination was 

also predicted at crack overlap areas. Fig. 5.22 compares COD values from 

experimental work with the above simulations.  
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Figure 5.22 Comparison of average crack opening displacements through the 

thickness of 32-ply laminates for experimental (Suprem, Cytec and Tencate 

CF/PEEK laminates [29]) and models (Suprem laminates). The error bars refer to the 

range (maximum and minimum) of measured COD values in each ply group.  

 

The crack openings calculated from the models were found to follow the same 

general trend measured in the test specimens, where the microcracks in the outer ply 

groups of laminates were consistently found to be wider than those in inner ply 

groups. This trend also shows, with regards to co-incident crack networks, that 

permeability of the laminate would be restricted by the relatively narrow crack 

openings found in the inner and off-axis plies. Permeability output for the laminates 

using the Weibull strength distribution method is given in Section 5.3.2.3. 
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5.3.2.2 Defect distribution method 

The input data for the defect distribution method is based on the void content 

analyses from [29] for 32-ply CF/PEEK laminates, which provide the range and 

variation in void dimensions in terms of x-y-z coordinates. As described in the 

previous section, full cross-ply and quasi-isotropic laminates were modelled using 

the same thermal load. However, a reduced mesh of approximately 46,000 elements, 

for an element volume of 0.088 mm
3
, was used for these simulations. In order to 

reduce computational expense, the void range was subject to a lower bound, below 

which the smaller voids (< 0.025 mm
3
 in volume) were assumed to have a negligible 

effect on the surrounding material properties. Due to the lower mesh density, input 

processing was generally completed in less than 0.5 hours, with the simulations 

being run over the same system described in Section 5.3.2.2. Difficulty in achieving 

solution convergence within the 48 hour processing window for this method required 

using a reduced toughness Suprem IM7 material model, with the fracture toughness 

values being reduced by an order of magnitude. Figs. 5.23 and 5.24 shows the results 

of the simulations in terms of the resulting surface cohesive forces and the XFEM 

crack surfaces. 
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Figure 5.23 Predicted (a) SCZM normal force magnitude and (b) XFEM crack 

surface output for the cross-ply laminate using the defect distribution method, ΔT = -

339 °C. 
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Figure 5.24 Predicted (a) SCZM normal force magnitude and (b) XFEM crack 

surface output for the quasi-isotropic laminate using the defect distribution method, 

ΔT = -339 °C. 

 

Crack nucleation for this method was found to occur in the region surrounding high 

void content elements. This is the result of the low stiffness of high void content 

elements, which leads to the formation of local stress concentrations. Elements in the 

direct vicinity of these voids are therefore subjected to stress levels above those 

present in the bulk material. As mentioned previously, achieving full crack 

propagation using this method proved computationally more expensive than for the 

Weibull method. In order to ensure prompt crack growth in this case, with a focus on 

qualitative trends in terms of distributions and orientations of microcracking, the 

material toughness was artificially reduced by a factor of 10. Fig. 5.23 shows the 

extensive microcrack formation for the 32-ply cross-ply laminate. As with the 

Weibull method, crack growth is predicted across the laminate within an extremely 

small time increment. However, a small number of cracks were predicted to not 



5. A combined 3-D XFEM and cohesive zone model for composite laminate 

microcracking and permeability 

167 
 

propagate fully across the specimen width prior to the simulation terminating. This 

trend was more noticeable for the quasi-isotropic laminate shown in Fig. 5.24, where 

only cracks in the centre plies were predicted to undergo significant growth within 

the simulation run-time. Crack nucleation was predicted in off-axis and outer ply 

groups, but these cracks were not predicted to grow through more than a few 

elements 

 

5.3.2.3 Permeability calculations 

Permeability calculation was implemented though the customised Python code 

discussed in Section 5.2.7 and by direct computation of crack opening displacements 

from the simulation deformed geometry, depending on the complexity of the 

resulting leak paths. Predictions for the Weibull and defect distribution simulation 

methods were compared with leak rates for available CF/PEEK 8-ply laminates 

exposed to a single cryogenic cycle (Table 5.3). Note, no through thickness networks 

were observed in 8-ply Suprem specimens tested in this work (Chapter 4). No 

relevant experimental test data was available for the thicker 16- and 32-ply 

laminates. 

Table 5.3 Measured (experiment – ÉireComposites Teo) and predicted (simulation) 

leak rates for a range of CF/PEEK 8-ply laminates exposed to a single cryogenic 

cycle. QI = quasi-isotropic, CP = cross-ply, * = reduced toughness material. 

Material Type Leak rate (ssc/s/m
2
) 

Cytec AS4 (8-ply QI) Experiment 8.50 × 10
-5 

Tencate AS4 (8-ply QI) Experiment 1.00 × 10
-4

 

Suprem IM7 (8-ply QI) Experiment 2.50 × 10
-1

 

Suprem IM7 (32-ply CP) Weibull simulation 8.42 × 10
-3

 

Suprem IM7 (32-ply QI) Weibull simulation 3.60 × 10
-3

 

Suprem IM7* (32-ply CP) Defect simulation 1.18 × 10
-2

 

Suprem IM7* (32-ply QI) Defect simulation - 

 

 

The predicted leak rates for the simulations were found to lie between the bounds of 

the most and least permeable test specimens. For the Weibull simulations, the cross-
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ply laminate was predicted to have a slightly higher permeability, based on a 

predicted general trend of wider adjacent overlapping cracks. Although the cross-ply 

defect simulations had a significantly greater crack density compared to the cross-ply 

Weibull simulations, the leak rates for the laminates were quite similar. This is due 

to a ‘bottleneck’ effect, whereby the centre ply group of the defect laminate has a 

relatively low crack density, thus limiting the potential for leakage as a function of 

these crack dimensions, in spite of higher crack densities in the outer ply groups. 

Given the limiting effect of low crack density plies on leak rates for laminates, 

identification of these low-damage ply groups is of prime importance for the design 

of composite cryogenic storage vessels. While the quasi-isotropic defect simulation 

laminate predicted fully propagated microcracks, no through-thickness crack 

networks were predicted, resulting in zero leak rate. 

 

5.4 Conclusions 

A combined XFEM and cohesive zone methodology for predicting composite 

laminate microcracking distributions and permeability is presented. The method uses 

XFEM for random microcrack initiation and propagation (intra-laminar failure) and 

SCZM for the delamination between plies (inter-laminar failure). The methodology 

allows for complex 3-D crack networks to be modelled and enables direct 

computation of DCOD values and crack overlap areas for permeability prediction. 

Given the inherently random nature of the potential microcracking features in 

composite materials, two distinct methods of predicting random microcrack initiation 

were investigated. In the first method, a Weibull distribution, for stochastic 

characterisation of the fracture strength of a material was used to represent the 

presence of defects within the material. Based on the strength distribution, a random 

fracture strength, adjusted to account for size effects, was assigned to each element 

in the FE mesh. Mesh independence was established via a series of transverse tensile 

test simulations using a range of mesh densities. The second approach was based on 

an elemental representation of defects. This involved the reduction in a given 

element stiffness based on the dimensions of defects, specifically voids, within its 
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bounds. The size range of voids was taken from measurements via 3-D X-ray CT 

characterisation of CF/PEEK laminates. 

Full 3-D simulations of 32-ply cross-ply and quasi-isotropic laminates, subjected to a 

cryogenic load history, using both methods of defect representation, predicted 

extensive through-thickness crack networks consistent with X-ray CT scans of 

similar tested specimens. Average COD values taken from the models were found to 

follow the same trends as those measured experimentally, with inner ply groups 

having consistently narrower crack openings than outer ply groups. Permeability 

calculations for the damaged laminates fell within the range of measured leak rates 

from tested CF/PEEK specimens, indicating the applicability of the methodology to 

complex damage accumulation prediction for composite materials. 

Future work will include modelling of realistic cryogenic pressure vessel structures 

to determine the optimum composite lay-up for minimal gas leakage. The models 

will incorporate transient heat transfer to examine the effects of tank wall thickness 

on damage formation. 
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6. Damage and permeability in tape-

laid thermoplastic composite 

cryogenic tanks 

 

Article overview 

This work presents a combined experimental and numerical approach to the design 

and analysis of tape-laid composite cryogenic tanks. The experimental techniques 

outlined in Chapter 4 are applied to characterising a new tape-laid CF/PEEK 

material in the form of flat laminate and cylindrical sections. Due to the nature of the 

tape laying process, the quality of the laminates and defects present can differ 

significantly from autoclaved specimens. Also, given the novelty of the process, 

relatively little data on testing and characterisation for thermoplastic materials has 

been published to date. The numerical methodology outlined in Chapter 5 is 

expanded upon and scaled to account for the larger model size and geometry 

required for cryogenic tanks. An iterative design process for the tank is described, 

with the aim of minimising transverse microcrack initiation and growth. Several 

provisional tank lay-ups are subsequently selected for damage analysis, using a 

cylindrical sub-model. This sub-model brings together relevant input data from 

previous chapters in the form of temperature-dependant material properties ranging 

from processing to cryogenic temperatures, transient thermo-mechanical load 

profiles and defect distributions to simulate random microcrack initiation. Additional 

simulations of the best performing tank design are then conducted in order to ensure 
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the absence of through-thickness leak paths over multiple defect permutations. In 

contrast to the 2-D pre-defined unit cell model outlined in Chapter 3, this model 

showcases the ability of the methodology to complete a fully 3-D meso-scale 

permeability prediction of a large-scale structure, representing a significant step 

forward in permeability and damage simulation capability for composites. 

 

Abstract 

This work presents a combined experimental and numerical approach to the design 

and analysis of tape-laid thermoplastic composite cryogenic tanks. A detailed 

material and defect characterisation of automated tape-laid CF/PEEK is undertaken 

using optical micrography and 3-D X-ray CT (computed tomography) as well as 

cryogenic testing to investigate damage formation. Resulting material data is used as 

input for a novel XFEM (extended finite element method)-cohesive zone 

methodology which is used to predict intra- and inter-ply damage in an internally 

pressurised cryogenic tank. An optimised tank lay-up is presented and analysed 

using the numerical method to ensure resistance to microcrack formation and fuel 

leakage through the tanks walls under operating loads. 

 

Abbreviations 

SFT Stress Free Temperature 

TTS Transverse Tensile Strength 

TCS Transverse Compressive Strength 

IPSS In-Plane Shear Strength 

ILSS Inter-Laminar Shear Strength 

SHC Specific Heat Capacity 

UD UniDirectional specimen 

QI Quasi-Isotropic specimen 

COD Crack Opening Displacement 
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6.1 Introduction 

Due to their high specific strength and stiffness amongst other properties, carbon-

fibre reinforced polymers (CFRP) are seen as candidate materials for the fuel tanks 

of next generation reusable launch vehicles (RLVs). These fuel tanks will be 

exposed to cryogenic temperatures as low as -250 °C and to internal pressurisation as 

high as 1 MPa. This extreme thermo-mechanical loading can lead to microcracking 

and delamination formation within the CFRP, which, in severe cases, can result in 

permeation of the cryogen through the fuel tank walls. A precise understanding, 

therefore, of the methods of damage accumulation in the material and how the 

various damage modes interact underpins the potential use of CFRP for RLVs. 

While numerous works have been published on the design and testing of composite 

overwrapped pressure vessels (COPVs) [1-4], the unique challenges posed by 

cryogenic fuel storage have yet to be fully addressed. Work on the design and 

analysis of composite cryo-tanks has intensified since the failure of the 

NASA/Lockheed X-33 RLV fuel tank [5], where fuel leakage occurred due to 

cryogenically induced damage in the composite tank wall. Subsequent experimental 

and theoretical analyses of cryo-tanks [6, 7] have found that, unlike traditional 

COPVs, the thermal stresses induced by cryogenic loading are the main design 

consideration and play a critical role in damage formation. In addition, the role of 

material quality and processing conditions on damage initiation remain understudied 

[8, 9], particularly for advanced thermoplastic composites such as CF/PEEK, which 

are increasingly used in conjunction with novel processing techniques such as 

automated tape laying (ATL) for the manufacturing of large structures. 

Thermoplastic composites offer several advantages over thermosets in terms of their 

improved range of properties and processing techniques available.  CF/PEEK is a 

high-performance thermoplastic carbon-composite material, which is increasingly 

being used in the aerospace industry for weight sensitive designs and is also known 

to offer increased resistance to damage propagation compared to epoxy based 

materials [10, 11].  Importantly, thermoplastics allow the use of out-of-autoclave 

processing techniques such as automated tape laying (ATL), a relatively new 

processing method based on the in-situ consolidation of plies. This is carried out by a 

computer controlled robot which typically applies pre-preg tape to a heated mould 
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placed on a revolving mandrel, using a heat source such as a laser which is focused 

on the ply lay-down area. Unlike autoclave processing, consolidation occurs at the 

point where the robotic head first heats, then melts and finally consolidates and cools 

the incoming tape, as opposed to processing the entire laminate simultaneously. This 

facilitates the manufacture of large structures without the investment required for a 

large autoclave of several metres diameter. Thus the technique is well suited to 

producing components such as cryo-tanks. The main drawbacks of this technique 

include the potential for poor ply adhesion due to insufficient melting and adhesion 

and the presence of significant residual stress gradients due to non-uniform cooling 

[8, 12, 13]. The tape- laying process itself can also result in gaps due to overlapping 

plies which can result in high void contents. These issues can often lead to composite 

laminates of a lower general quality than those produced in an autoclave [9, 14]. 

CF/PEEK, due to its high processing temperature and semi-crystalline nature, 

exhibits significant property variation with temperature. Residual stress build-up for 

CF/PEEK laminates begins below the stress free temperature (SFT), which is 

approximately 315 °C [15]. This is far above the glass transition temperature of    

143 °C, which usually marks the point of residual stress formation for amorphous 

polymeric composites. Thus, using this material for cryogenic applications can 

involve having to design for thermal residual stresses due to temperature changes in 

excess of 500 °C. The difficulty in accurately characterising material properties, 

including fracture strength and toughness, over such a wide temperature range means 

that little experimental data is available from the literature, particularly for relatively 

novel materials such as tape-laid CF/PEEK. 

This work aims to advance the design and analysis of linerless composite cryo-tanks 

by combining the extensive material characterisation of a tape-laid composite with a 

novel numerical methodology capable of predicting composite laminate damage and 

permeability. This approach represents a significant departure from existing analysis 

methods such as unit cell, first-ply-failure and continuum analyses [6, 16-21] by 

allowing the discrete damage modelling of large structures using detailed material 

data inputs. An optimised cryo-tank design is also presented, which accounts for the 

thermo-mechanical stresses resulting from processing, fuelling and internal 

pressurisation. A sub-model meso-scale damage analysis shows that the optimised 
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tank design is capable of preventing fuel leakage after exposure to cryogenic 

temperatures and internal pressurisation. 

6.2 Material characterisation 

6.2.1 Overview of material properties 

Measurements of temperature-dependant mechanical, thermal and fracture properties 

of CF/PEEK materials have been collated from several sources in Tables 6.1 and 6.2. 

Using the properties of the tape laid Suprem IM7 [22] at 25 °C from Table 6.1 as a 

base, temperature-dependant data is generated by interpolation and normalisation 

using fitting functions across a range of temperatures for available material data. 

Table 6.3 presents the resulting interpolated temperature dependant data which is 

used in subsequent modelling work, described in Section 6.3. Linear interpolation 

has been used to complete the material data set where possible. Material strength and 

fracture toughness data are not available above the glass transition temperature of the 

material. 

 

Table 6.1 Measured temperature-dependant mechanical and fracture properties of 

CF/PEEK materials. E and G are the elastic and shear moduli, TTS and TCS are the 

transverse tensile and compressive strengths, IPSS and ILSS are the in-plane and 

inter-laminar shear strengths, GIC and GIIC are Mode I and Mode II fracture 

toughness. The subscripts 1 and 2 refer to the longitudinal and transverse directions. 
1
Suprem Victrex AS4 [23], 

2
Cytec APC-2/IM7 [24], 

3
Suprem Victrex IM7 [22], 

4
Suprem Victrex IM7 [23]. 

 

 

 

 

 

 

Temp. 

(°C) 

E1 
(GPa) 

E2 
(GPa) 

G12 
(GPa) 

TTS 

(MPa) 

TCS 

(MPa) 

IPSS 

(MPa) 

ILSS 

(MPa) 

GIC 
(J/m2) 

GIIC 
(J/m2) 

-196 
1141 - - 151 - 181 

1106 - - 

-70 - - - 163 - 1104 
1116 - - 

-55 
2172 

211 
25.9 - - - - 21600 

22100 

25 
3155.0 

38.6 
34.00 

341 
3163 

380 
398 

31910 
41355 

125 - - - 148 - 175 - - - 
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Table 6.2 Measured temperature-dependant mechanical and thermal properties of 

CF/PEEK materials. E and G are the elastic and shear moduli, ν is Poisson’s ratio, 𝜌 

is density, SHC is the specific heat capacity, α and 𝑘 are the thermal expansion 

coefficients and conductivities. The subscripts 1 and 2 refer to the longitudinal and 

transverse directions. 
1
APC-2/AS4 adapted from [25], 

2
PEEK/IM7 adapted from 

[26], 
3
APC-2/AS4 adapted from [27]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temp. 

(°C) 

1E1 

(GPa) 

1E2  
(GPa) 

1G12 
(GPa) 

2ν12 
3𝝆 

(kg/m³) 

3SHC 

(j/kg.K) 

3α1 
(10-

6/K) 

3α2 
(10-

6/K) 

3𝒌𝟏 

(W/m.K) 

3𝒌𝟐 

(W/m.K)3 

25 134 10.3 6.00 0.32 1598 930 0.2 28.8 3.5 0.4 

50 134 10.3 6.00 0.32 1598 930 0.2 29.4 4.6 0.5 

75 134 9.6 5.43 0.34 1598 930 0.3 30.0 4.9 0.6 

100 134 9.6 5.43 0.35 1593 1040 0.3 31.0 5.1 0.6 

125 134 8.3 4.86 0.36 1593 1040 0.4 32.4 5.5 0.6 

150 131 8.3 4.86 0.37 1586 1260 0.4 40.0 5.9 0.7 

175 131 4.5 2.51 - 1586 1260 0.5 47.7 5.9 0.7 

200 130 4.3 2.16 - 1575 1300 0.5 50.0 5.9 0.7 

225 130 4.3 2.16 - 1575 1300 0.6 60.0 6.0 0.7 

250 129 3.6 0.95 - 1563 1400 0.7 70.0 6.1 0.7 

275 130 3.6 0.95 - 1563 1400 0.8 80.0 6.4 0.7 

300 130 1.7 0.53 - 1551 1550 0.9 90.0 6.7 0.8 

315 128 0.6 0.23 - 1551 1550 1.0 108.0 6.7 0.8 



 6. Damage and permeability in tape-laid thermoplastic composite cryogenic tanks 

181 
 

Table 6.3 Interpolated temperature-dependant material properties for tape-laid 

Suprem IM7 based on the measured properties in Tables 6.1 and 6.2.This data is 

used as input for subsequent numerical simulations. Data in italics has been linearly 

interpolated where possible. Material strength and toughness data are not available 

beyond the glass transition temperature of the material (143 °C). 
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When compared with previously published material data for a similar grade of 

CF/PEEK processed using an autoclave [26], the tape-laid material exhibits lower 

strength values, particularly in the matrix-dominated directions. Transverse tensile 

strength alone was found to reduce by a third for the tape laid material. The 

increased presence of manufacturing defects resulting from the tape-laying process 

contributes to this property degradation. 

 

6.2.2 Defect characterisation 

The void and inclusion content for several types of tape-laid CF/PEEK laminates 

were measured using 3-D X-ray computed tomography (CT). This non-destructive 

testing technique allows full internal characterisation of a specimen based on the 

varying densities of its constitutive material phases. The specimens (see Table 6.4) 

were manufactured from a Suprem T/60%/IM7/PEEK/150 material with 0.14 mm 

ply thickness and included: 

 Two unidirectional coupons, named UD1 and UD2 from a flat plate (16-ply, 

34 mm × 27 mm ) 

 Two [45°/-45°/90°/0°/90°/0°/90°/0°/90°]S coupons QI1 and QI2, from a flat 

plate ( 18-ply, 34 mm × 27 mm ) 

 One unidirectional hoop wound section (16-ply, 100 mm wide, 500 mm 

diameter) 

A KUKA KR 180 R2900 robot with a laser-line diode laser module (LDM) 3000W 

system operated by the Irish Centre for Composites Research (ICOMP) and based at 

the University of Limerick [14], Ireland, was used to manufacture the specimens. 

The nominal process parameters included a lay-down speed of 6m/min, a target 

temperature of 420 °C, a tool temperature of 280 °C, a roller pressure supply of 4.5 

bar. and a laser power of 500 W. Due to the nature of the ply-by-ply lay-up process, 

material inhomogeneity in the form of through-thickness crystallinity gradients is 

expected in the specimens. While there was no specific thermal post-treatment 

applied to the specimens, a relatively high tool temperature of 280 °C was used. This 

would help to offset the high cooling rates typically associated with the lay-up of the 

initial plies, with the effect of bringing their crystallinity levels closer to those in the 
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centre of the laminate [28]. In addition, given that the lay-up process for the samples 

spanned several hours, the majority of the laminate would be kept above the glass 

transition temperature of the material. This would facilitate relatively uniform cool 

rates and thus crystallisation levels, at least for a portion of the thermal profile. 

Although it was not possible to measure the exact crystallinity gradient through the 

samples, work from collaborators has shown that the average crystallinity of samples 

increased from 17% to an optimal 35%, when using a 280 °C heated tool compared 

to an unheated tool [14, 29]. For this reason, using a heated tool can be described as 

a form of thermal treatment, with the effect of increasing sample crystallinity and 

with the expected effect of reducing the magnitude of crystallinity gradients. Further 

work is required in order to precisely quantify the crystallinity gradients within tape-

laid CF/PEEK laminates. 

The CT scans were carried out using a Phoenix M nano/microtom at a scan 

resolution of 33 μm. The X-ray gun was rated at 180 kV, with scans being carried 

out at 160 kV and 28 μA, giving a scan power of 4.5 W. A total of 1,000 images 

were generated for each scan over a 360° field of view, for a total scan time of 67 

minutes. The tomographical reconstruction was carried out using Davos software, 

whilst volume rendering was completed using VGStudio MAX 2.2. Fig. 6.1 shows a 

rendered CT scan of voids in the UD1 specimen and a 34 mm × 27 mm section of 

the hoop specimen. 
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Figure 6.1 3-D X-ray-CT scan of voids present in tape-laid UD1 (top) and hoop 

CF/PEEK specimens (bottom). (Where the x direction is the fibre direction, y is 

transverse to the fibre direction and z is the thickness direction). 

 

Complete characterisation of individual void morphology and total void volume 

content within the scan area is possible using this technique. Table 6.4 provides 

details of the average x, y and z dimensions of the voids (x̅, y̅, z̅) and their respective 

standard deviations (σ(x), σ(y), σ(z)) for each specimen type as measured using the 

volume-rendering software. The total void volume as a percentage of the specimen 

volume is also provided.  
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Table 6.4 Mean and standard deviation of the x, y and z dimensions of voids in 

unidirectional (UD1, UD2), hoop and quasi-isotropic (QI1, QI2) tape-laid CF/PEEK 

specimens measured using 3-D X-ray CT. Void volume content is also provided, 

where possible. *Indicates gaps included in void content. 

 

 

 

Although all specimens were found to have a void volume content below the 1.5% 

considered generally acceptable for aerospace components, they compared relatively 

poorly with similar autoclaved specimens which were found to have an order of 

magnitude lower void contents [30]. The unidirectional and hoop specimens were 

found to have lower void contents, likely due to the absence of air gaps, which are 

discussed in Section 6.2.3. As expected, the void geometry was found to be related 

to the laminate lay-up, with the largest dimension of the voids being aligned with the 

fibre direction (x) and the smallest dimension being in the thickness direction (z). 

This trend also carried through to the computed standard deviations of the void 

dimensions. The specimen QI2 was found to have a particularily high void content 

due to a large number of gaps being present, which in turn skewed the measured void 

morphology. A more detailed overview of void morphology for the UD1 and QI1 

specimens is provided in Fig. 6.2. Fig. 6.2 (a) and (b), which show the distribution of 

void volumes within the specimens. The vast majority of voids have a volume of less 

than 0.05 mm
3
, although a large proportion of the total void volume is contained 

within a minority of large voids. This is particularily true for the QI1 specimen, 

where less than 10% of voids account for 64% of the total void volume. Fig. 6.2 (c) 

shows the relationship between void sphericity and void radius, where sphericity is 

defined as the ratio between the surface of a sphere with the same volume as the 

defect and the surface of the defect. Smaller voids tend to be more spherical while 

Specimen 
�̅� 

(mm) 

σ(x) 

(mm) 

�̅� 

(mm) 

σ(y) 

(mm) 

�̅� 

(mm) 

σ(z) 

(mm) 

Void 

(%) 

UD1 0.265 0.169 0.168 0.073 0.087 0.045 0.26 

UD2 0.280 0.183 0.171 0.075 0.093 0.041 0.33 

Hoop 0.244 0.185 0.193 0.131 0.098 0.066 0.22 

QI1 0.281 0.208 0.196 0.161 0.083 0.039 0.69 

QI2 0.264 0.143 0.190 0.150 0.086 0.079 N/A 

QI2* 0.526 1.117 0.333 1.418 0.106 0.135 1.45 
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larger voids are more elongated and elliptical. It should be noted that inclusion 

content for all specimens was found to be negligible. 

 

 

Figure 6.2 (a) Distribution of void volumes below 0.1 mm³ arranged from highest to 

lowest measured using 3-D X-ray CT for tape-laid unidirectional (UD1) and quasi-

isotropic CF/PEEK specimens (QI1). (b) Bar chart showing the frequency of voids 

within a given volume range. (c) Relationship between the sphericity and the 

equivalent radius of voids from specimens UD1 and QI1. 

 

6.2.3 Microcracking and gaps 

The specimens were also examined for the presence of microcracks and gaps, which 

can arise due to processing. One side of each of the UD and QI specimens was 

polished to facilitate optical examination under a microscope. No microcracks or 

gaps were observed in the UD specimens. In total, three surface microcracks were 

detected in the quasi-isotropic specimens: one in QI1 and two in QI2. Although the 

presence of microcracking post-processing is undesirable for cryo-tank applications, 

given the minor level of damage present and its location on the surface of the 

specimens, the effect on the structural integrity of a tank would be negligible. 



 6. Damage and permeability in tape-laid thermoplastic composite cryogenic tanks 

187 
 

However, due to the novelty of the tape-laying process and material, further 

refinement of the processing technique is required in order to produce aero-space 

quality components.  Six gaps were detected in the QI1 specimen and seven in the 

QI2 specimen, with QI2 containing several notably wide gaps, as can be seen in Fig. 

6.3. The QI1 and QI2 specimens were also exposed to a single cryogenic cycle via 

immersion in liquid nitrogen (LN2) from -196 °C to 40 °C in order to examine the 

resulting damage formation and its implications for laminate permeability.   

 

Figure 6.3 An optical micrograph of gaps, a surface microcrack and voids in the 

tape-laid CF/PEEK specimen QI2, as processed (top), a micrograph of a gap and two 

transverse microcracks present in specimen QI2 after exposure to a single cryogenic 

cycle (left) and rendered 3-D X-ray CT scan of microcracking and gaps in the same 

specimen (right). 

 

Moderate damage accumulation was observed post-cycling with transverse 

microcracks forming in the outer and central plies as shown in Fig. 6.4 (a), although 

the presence of through-thickness crack networks was not obvious. However, the 
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location of gaps in otherwise un-damaged plies led to a reduction in the number of 

pristine barrier plies, with the consequence of decreased resistance to leakage if the 

material was used for a cryo-tank. The average crack opening displacement (COD) 

of transverse microcracks is shown in Fig. 6.4 (b). The COD measurements were 

made from optical micrographs of the specimens by taking the distance between the 

surfaces of an open microcrack. As such, COD is a measure of the degree of opening 

of a microcrack, with the implication that microcracks with larger COD values 

would permit greater fluid leak rates through a damaged ply and laminate. The COD 

values were found to be relatively low when compared to previous work [30]. This is 

due to the constantly varying ply orientation and lack of ply blocking. Although the 

likelihood of through-thickness crack networks forming in the laminates is greatly 

increased by the presence of gaps, which themselves can be over 100 times the width 

of microcracks, their presence can be significantly reduced by appropriate 

adjustment of the tape placement width. It should be noted that no gaps were 

observed in the unidirectional specimens. The constantly varying ply angle in the 

quasi-isotropic specimens likely contributed to the gaps remaining unfilled during 

processing, due to the fibres acting as a bridge across the gaps. 

 

 

Figure 6.4 (a) Ply level microcracking detected using micrographs of QI1 and QI2 

after cryogenic cycling. Gaps are also included. (b) Crack opening displacement and 

gap width measurement from cycled specimens. Ply groups 1 - 9 refer to symmetric 

ply pairs i.e. ply group 1 comprises the outer 45° plies. 
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6.3 Cryo-tank modelling 

6.3.1 Tank design 

Aside from external launch and structural loads, the primary design considerations 

for cryo-tanks for space applications are temperature and pressure based. Unlike 

conventional composite overwrapped pressure vessels (COPVs), which require a 

liner to prevent fluid leakage [31], linerless composite tanks must remain 

impermeable without the presence of additional barrier materials. Additionally, due 

to the large temperature difference between processing temperatures and the 

cryogenic fuel, thermal loading is the dominant load form. Internal tank pressure is 

generally far below the levels that typical COPV designs can tolerate. For this 

reason, mitigation of thermal stress is seen as a key design requirement for linerless 

cryo-tanks. 

In this work, a design for a scaled-down version of a cryo-tank for a RLV is 

presented. The tank has a 500 mm diameter and holds approximately 90 litres of 

cryogen. A symmetric 20-ply lay-up, giving a wall thickness of 2.8 mm, is used. 

This is in order to ensure structural integrity at a maximum expected operating 

pressure of 10 bar. Both material processing and tank fuelling are represented by a 

two-stage thermal load as shown in Fig. 6.5, with an internal pressure ramp load 

being applied from the start of the fuelling profile. The processing profile is included 

due to the residual stress formation which can occur in thermoplastic laminates from 

the SFT to ambient temperature. The temperature dependant material properties 

shown in Table 6.3 are used in conjunction with the full thermo-mechanical load 

profile described in Fig. 6.5 as inputs for subsequent numerical simulations. For 

damage simulations, material strength and toughness data are not available above the 

glass transition temperature of CF/PEEK. No notable damage formation is expected 

above this temperature. 

Different convection coefficients (h) are used to simulate the rate of cooling for each 

stage. It should be noted that the thermal boundary conditions applied for the 

numerical simulations do not account for the ply-by-ply lay-up process. Convective 

heat transfer is assumed to occur from both the outer and inner surfaces of the tank 

simultaneously for the processing portion of the profile, from the stress free 
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temperature to ambient temperature, as shown in Fig. 6.5. This approach is justified 

by the following points: 

• An applicable, comprehensive thermal profile for the ply-by-ply lay-

up process for the cryo-tank is not available. Given the myriad 

contributing factors of the process including the lay-down speed, 

roller pressure, laser power, tool temperature and target temperature, 

formulating an accurate thermal profile remains a highly complex 

task [12, 32] and beyond the scope of this work. 

• A complete set of temperature dependant thermo-mechanical 

properties for the tape-laid CF/PEEK material, ranging from the stress 

free temperature to ambient temperature, is not available at present. 

The absence of this data further compounds uncertainties relating to 

the processing conditions in determining an accurate thermal profile 

for the lay-up process. 

• The use of a relatively high tool temperature of 280 °C will contribute 

to a more uniform thermal profile within the laminate during 

processing and cool-down. This means that a significant proportion of 

the processing temperature profile will comprise a steady cooling 

phase, similar to that of autoclave processing to an extent. 

• While using a simplified thermal profile for the processing portion of 

the loading can alter the detail of damage formation within the tank, 

its effect is deemed negligible for this application. As observed in 

experimental test specimens and predicted by numerical simulations, 

the bulk of damage formation occurs within the fuelling (i.e. 

cryogenic) thermal profile. 

For these reasons, a simplified thermal profile, resembling autoclave processing, was 

used in numerical simulations. For the cryogenic portion of the load profile, 

convective heat transfer is assumed to occur from the inner surface of the tank wall, 

leading to thermal gradients within the structure. 
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Figure 6.5 The thermo-mechanical load profile used as input for numerical 

simulations. A two-stage thermal load is applied, accounting for both the processing 

and fuelling of the tank. An internal pressure ramp load is applied to the inner 

surface of the tank during the fuelling profile. 

 

The design of the tank lay-up is key to preventing damage formation and leakage. 

Assuming a leak-before-burst criterion focused on the cylindrical portion of the tank 

(Fig. 6.6), the following steps were adopted in designing the general stacking 

sequence: 

1. Limiting of thermal stress is prioritised due to the large temperature 

change. Therefore ply-angle variation is minimised throughout the lay-

up. A unidirectional lay-up is most suited for the reduction of laminate 

level thermal stress, but is not practical for resisting internal 

pressurisation loads. 

2. For an internally-pressurised tank with closed ends, the nominal hoop 

stress is twice the axial stress. Therefore an optimal unidirectional lay-up 

should have the fibres orientated in the hoop direction. 



 6. Damage and permeability in tape-laid thermoplastic composite cryogenic tanks 

192 
 

3. The axial stress due to internal pressure then becomes the limiting design 

failure issue due to the possibility of transverse failure of the hoop-

orientated plies. 

4. This axial stress is reduced by rotating the angles of specific hoop plies 

towards the axial direction. This must be designed to also balance with 

increasing thermal stresses due to the increasing ply-angle variation. 

 

 

Figure 6.6 Schematic showing the location of the cylindrical sub-model in relation 

to the full cryo-tank. Tank design is focused on this sub-region. 
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The wound composite modeller (WCM) [33], a plugin for Abaqus FEA software, 

was used to rapidly test prospective lay-ups based on the latter design steps. As is the 

case with conventional filament winding methods, plies were grouped in opposing 

pairs according to the following general lay-up: [90°2/± θ°/± θ°/90°2/± θ°2]S. Fig. 6.7 

shows the predicted stress distributions transverse to the fibre direction through the 

cylindrical portion of the tank wall for several lay-up iterations at maximum 

expected operating loads. 

 

Figure 6.7 Transverse stress distributions through the cylindrical portion of the tank 

wall for several lay-up variations under the loading described in Fig. 6.5. The 

numbers in the legend refer to the angles ± 𝛉° in the general 20-ply lay-up       

[90°2/±θ°/±θ°/90°2/±θ°2]S. QI refers to the test specimen lay-up                                  

[45°/-45°/90°/0°/90°/0°/90°/0°/90°]S. 

 

Ensuring that the transverse tensile strength of the composite is not exceeded is an 

important factor in limiting matrix microcracking and hence leakage. Fig. 6.7 shows 

a clear trend in the relationship between decreasing ply angle variation and 

decreasing peak transverse stress. Conventional COPV lay-ups using a mixture of 

hoop and low-angle helical plies (plies between 5° and 30°) are shown to be 

unsuitable for the unique demands of cryogenic fuel storage, where the minimisation 

of thermal stress is critical. As the [90°2/±75°/±75°/90°2/±60°2]S lay-up was the only 

stacking sequence in which the transverse strength of the composite was not 
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exceeded in every ply, it was selected for more in-depth analysis via the damage sub-

model outlined below in Section 6.3.2. It should be noted that for certain 

conventional filament winding methods, such a high-angle helical lay-up would not 

enable full coverage of the polar boss regions around the ends of the tank. Additional 

reinforcement in the form of pre-fabricated doilies [1, 34] would be required at the 

polar bosses in order to ensure continuation of the desired lay-up from the cylindrical 

section to the dome section of the tank. 

 

6.3.2 Combined XFEM-SCZM damage method 

A combined XFEM (extended finite element method) and SCZM (surface cohesive 

zone model) approach to damage modelling in composite laminates is developed 

here. Modelling is focused on the meso-scale, with XFEM being used for microcrack 

initiation and propagation (intra-laminar failure) and SCZM for mixed-mode 

delamination growth between plies (inter-laminar failure). This methodology allows 

the discrete modelling of microcracks and hence prediction of laminate permeability. 

It is also applicable to relatively large-scale structures such as cryo-tanks (Fig. 6.8). 

The general XFEM-SCZM approach is implemented within an adapted form of the 

general purpose, non-linear finite element code, Abaqus v6.14, as is described in 

detail in previous work [35, 36]. 
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Figure 6.8 The combined XFEM-SCZM method facilitates prediction of 

microcracking and delamination in large scale structures such as the cylindrical sub-

model of the cryo-tank shown above. 

 

However, due to the complex thermo-mechanical load state present in the cryo-tank, 

the original method [36] has been improved here to incorporate a more sophisticated 

mixed-mode compression-shear matrix failure criterion. Oblique fracture planes 

aligned with the fibre angle are now permitted, along with the usual transverse 

microcracking perpendicular to the ply interface. However, transverse microcracking 

remains the dominant damage mode for these loading conditions and the main 

contributor to laminate permeability given the tendency of these cracks to open due 

to tensile loading. Fig. 6.9 illustrates the main matrix failure modes modelled using 

XFEM for an assumed two-element model. 
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Figure 6.9 Schematic showing the microcrack morphology related to tensile, 

compressive and shear loading in a two-element model. Oblique fracture planes are 

orientated at a prescribed angle 𝛂 (i.e 54° for transverse compression) and are 

parallel to the ply fibre angle 𝛃. 

 

This enhancement is implemented through a user defined damage initiation sub-

routine (UDMGINI) [37] within the general XFEM framework. A crack is assumed 

to initiate when the relevant fracture criterion, 𝑓, is exceeded, where 𝑓𝑡 is the tensile 

failure criterion and 𝑓𝑐 is the compressive failure criterion. This criterion is based on 

the Hashin failure criteria [38] for matrix failure: 

 

 For tensile matrix failure (σ22 + σ33 > 0), 𝑓𝑡 ≥ 1 = failure 

                                           

𝑓𝑡 =
(𝜎22 + 𝜎33)2

𝑌𝑇
2 +

𝜎23
2 − 𝜎22𝜎33

𝑆23
2 +

𝜎12
2 + 𝜎13

2

𝑆12
2  

                                

(6.1) 
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 For compressive matrix failure (σ22 + σ33 < 0), 𝑓𝑐 ≥ 1 = failure 

              

𝑓𝑐 = [(
𝑌𝐶

2𝑆23
)

2

− 1] (
𝜎22 + 𝜎33

𝑌𝐶
) +

(𝜎22 + 𝜎33)2

4𝑆23
2 +

𝜎23
2 − 𝜎22𝜎33

𝑆23
2 +

𝜎12
2 + 𝜎13

2

𝑆12
2  

 

 

where 𝜎 and associated subscripts refer to conventional transverse tensile, 

compressive or shear stress in the local coordinate system.  𝑌𝑇 and 𝑌𝑐 are the tensile 

and compressive strengths of the matrix and 𝑆 and associated subscripts are the shear 

strengths of the matrix. Depending on the failure mode, the angle of the fracture 

plane, denoted as 𝛼 in Fig. 6.9, can also be pre-defined and will align parallel to the 

local ‘1’ or fibre direction, which is at an angle 𝛽 to the global ‘x’ direction. This 

capability has been included in order to capture the general trends in crack 

morphology observed for different load combinations. The temperature dependent 

material data shown in Table 6.3 are used as inputs for the combined XFEM-SCZM 

damage models. The TTS and TCS values in Table 6.3 correspond to the 𝑌𝑇 and 𝑌𝑐 

values, respectively, in the Hashin criteria.  The IPSS values in Table 6.3 are used to 

account for each of the shear strengths of the matrix, 𝑆 in the Hashin criteria. This 

generalisation was made due to a lack of detailed multi-directional strength data for 

tape-laid CF/PEEK. The ILSS value is used for inter-laminar damage initiation in the 

SCZM portion of the damage simulations. 

 

6.3.3 Microcrack initiation 

Two distinct methods of simulating random microcrack initiation within the cryo-

tank, based on methods outlined in [36], are used. These methods have been adapted 

for use with the tape-laid CF/PEEK material described in Section 6.2. The first 

approach is based on the inherent random distribution of the material fracture 

strength in the form of a continuous probability Weibull distribution, which is 

volume-adjusted to account for the size effects associated with mesh density of the 

FE damage models. The two properties required to generate a fracture strength 

distribution for a given material using this method are the mean fracture strength of 

the material, 𝜎0, and a Weibull modulus, 𝑚. The transverse tensile strength of the 

(6.2) 
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tape-laid CF/PEEK was taken here as the mean fracture strength, which is identified 

as 41 MPa at ambient temperature. Due to the lack of experimental data in the 

literature on the material, an inverse identification procedure was adopted to estimate 

the Weibull modulus of the material. Based on the tensile test geometry described in 

[36], successive tensile test simulations were performed, iteratively adjusting the 

Weibull modulus for a prescribed strength distribution until the predicted average 

bulk transverse stress at failure matched the measured value of 41 MPa. Fig. 6.10 (a) 

shows the resulting Weibull fracture strength distribution based on the identified 𝑚 

value of 3.5 for 5,000 elements in an FE mesh. Note that a limited distribution is 

used in simulations in order to prevent any element from having a transverse strength 

above 100 MPa, taken as the upper limit of physically realistic values. 

 

Figure 6.10 (a) De-limited and limited Weibull distributions used in modelling. The 

element fracture strengths are ordered smallest to largest. (b) Schematic of an air 

void within an element. The reduction in element stiffness is based on the 

dimensions of the void as measured using 3-D X-ray CT and forms the basis of the 

direct defect method. 

 

The second approach is based on a general elemental representation of defects 

whereby voids are represented via reduced element stiffness throughout the finite 

element mesh [36]. The purpose of this is to simulate the local inhomogeneity in 

stiffness within the composite material due to the presence of randomly distributed 

defects. Voids can be idealised as ellipsoids within an element volume (Fig. 6.10 

(b)), whose 𝑥𝑣𝑜𝑖𝑑, 𝑦𝑣𝑜𝑖𝑑, and 𝑧𝑣𝑜𝑖𝑑 dimensions are based on a random Gaussian 
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distribution around the average measured void dimensions x̅, y̅ and z̅  of Table 6.4. 

The voids are randomly distributed throughout the mesh in the finite element model, 

with one void being assigned to each element. The void dimensions are normalised 

with respect to the element dimensions 𝑥𝑒𝑙, 𝑦𝑒𝑙 and 𝑧𝑒𝑙 as follows:  

                                 

𝑥 =
𝑥𝑣𝑜𝑖𝑑

𝑥𝑒𝑙
 

𝑦 =
𝑦𝑣𝑜𝑖𝑑

𝑦𝑒𝑙
 

𝑧 =
𝑧𝑣𝑜𝑖𝑑

𝑧𝑒𝑙
 

                                                    

with appropriate element dimensions being selected for the model mesh to ensure 

that each of 𝑥, 𝑦, and 𝑧 are < 1. The voids act to reduce element stiffness in 

accordance with the following:      

                                                         

𝐸1
∗ = (1 −

𝜋𝑦𝑧

4
) 𝐸1 

𝐸2
∗ = (1 −

𝜋𝑥𝑧

4
) 𝐸2 

𝐸3
∗ = (1 −

𝜋𝑥𝑦

4
) 𝐸3 

                                         

where 𝐸𝑖
∗ is the reduced element stiffness, 𝐸1 is the fibre direction modulus and 𝐸2, 

𝐸3 are the transverse moduli. The reduction in stiffness in a given direction is 

therefore proportional to the maximum cross-sectional area of the void as viewed 

from that direction [36] i.e. the 2-D ellipse area. The shear moduli are set to be 

reduced as follows: 𝐺12 is reduced in proportion to 𝐸3
∗, 𝐺13 in proportion to 𝐸1

∗ and 

𝐺23 in proportion to 𝐸2
∗. This simplified approach is intended to simulate, with 

minimal computational expense, the general effects of void geometry on composite 

material stiffness [39], using experimentally measured data as input. The reader is 

directed to [39, 40] for more detailed and precise studies which attempt to predict the 

exact effects of void geometry on the elastic constants of composite materials. 

(6.3) 

(6.4) 

(6.5) 

(6.8) 

(6.7) 

(6.6) 
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6.3.4 Tank damage and permeability 

The damage sub-model consists of  1 8⁄  th of the cylindrical portion of the cryo-tank, 

which corresponds to a section 100 mm wide as shown in Fig. 6.6. Symmetry 

boundary conditions are used to constrain the sub-model and to ensure accurate 

response in relation to the full cryo-tank. The temperature dependant material 

properties shown in Table 6.3 along with the full thermo-mechanical load profile 

described in Fig. 6.5 are used as inputs for the simulations. Although the lay-up 

consists of 20 plies, only 15 distinct plies are required due to ply pairing e.g. 

combining two adjacent 90° plies to form one thicker ply. A SCZM is defined 

between each ply. The mesh density for each ply was chosen to allow up to 5 

microcracks per cm of cylinder width or circumference. This crack density 

corresponds to the maximum crack density observed in heavily damaged 

cryogenically cycled CF/PEEK laminates in [30].  Each model comprises 150,000 3-

D solid elements, with simulations being performed on twenty-four 2.4GHz cores on 

a cluster based at the Irish Centre for High Performance Computing (ICHEC). Model 

run-times varied between 36 and 72 hours depending on the level of damage 

formation. Sequential thermo-mechanical analyses were required in order to model 

the transient thermal behaviour shown in Fig. 6.5. 

Simulations were performed using the two different microcrack initiation methods 

described in Section 6.3.3. Volume-adjusted Weibull fracture strengths, generated 

using the Weibull modulus of 3.5, were randomly assigned to each element in the FE 

mesh. A number of the lay-ups of Fig. 6.7 were modelled using this method, as 

shown in Fig. 6.11. 
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Figure 6.11 Comparison of through-thickness damage formation for all plies from 

the outer to the inner surface of the tank for several lay-ups showing XFEM 

microcracking and intensity of SCZM inter-laminar normal force magnitude 

(NORMFM). 

 

In accordance with the transverse stress profiles in Fig. 6.7, significant 

microcracking was observed in the [90°2/±30°/±22°/90°2/±15°2]S lay-up, with 

damage accumulation reaching such a level that the simulation was halted due to the 

estimated convergence time. The [90°2/±75°/±60°/90°2/±45°2]S and 

[90°2/±70°/±50°/90°2/±30°2]S lay-ups performed better, with less microcracking at 

equivalent loading. However damage reached an unacceptable level before the load 

step was complete. Delamination initiation areas can be seen in Fig. 6.11 for these 

simulations, at locations of peak inter-laminar forces, as predicted by the surface 

cohesive model. The [90°2/±75°2/90°2/±60°2]S lay-up achieved convergence 

promptly, with moderate levels of microcracking visible through the tank wall. In 

order to investigate damage formation in this lay-up, an additional four simulations 

were undertaken using the Weibull method (Fig. 6.12) and three using the direct 

defect method (i.e. for more random distributions of fracture strengths) (Fig. 6.13). 

The void dimensions from Table 6.4 for the QI2 specimen were used for the direct 

defect simulation, giving an average void content of between 1.45%, the highest 

measured by the 3-D X-ray CT analysis. 
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Figure 6.12 Through-thickness damage formation in all plies from the outer to the 

inner surface of the tank for the remaining realisations of the Weibull damage 

models for the optimised [90°2/±75°2/90°2/±60°2]S lay-up. The magnitude of the 

SCZM inter-laminar normal forces (NORMFM) and the discrete XFEM 

microcracking in isolation are shown for each realisation. 
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Figure 6.13 Through-thickness damage formation in all plies from the outer to the 

inner surface of the tank for the three realisations of the direct defect damage 

method, using the [90°2/±75°2/90°2/±60°2]S lay-up, each with an average void 

content of approximately 1.45%. The magnitude of the SCZM inter-laminar normal 

forces (NORMFM) and the discrete XFEM microcracking in isolation are shown for 

each realisation. 

 

A qualitative analysis of the damage formation shown in Figs. 6.12 and 6.13 

indicates consistent microcracking for each method within their respective sample 

set, with low-to-moderate damage levels visible in most plies. These figures show 

microcracking in all 20 plies through the thickness of the tank, from the outer surface 

to the inner surface. The accompanying contour plots provide a general overview of 

the resulting inter-laminar normal forces through the tank, given that it is not 

practical to display the individual plots for each ply interface. The range of these 

normal forces (0 N to 20 N) is significantly below those predicted for the alternate 

lay-ups (0 N to 75 N) in Fig. 6.11. This is due in part to the lower level of 

microcracking present in the optimised lay-up and the prevalence of large, open 

microcracks in the alternate lay-ups which can influence the inter-laminar cohesive 

zone. This leads to relatively uniform contour plots when compared with those in 

Fig. 6.11, with the exception of boundary effects at the dome connection area which 
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can induce minor inter-laminar force gradients. This effect can be seen in direct 

defect realisation #1 in Fig. 6.13. 3-D manipulation of these damage models allows a 

quantitative analysis of the average ply-by-ply crack density for each method, as 

given in Fig. 6.14. The variation in crack density for the Weibull method mirrors the 

transverse stress distribution for the lay-up shown in Fig. 6.7, with the centre ±60° 

plies exhibiting the highest number of microcracks. It is also worth noting that the 

average crack densities of the plies on the inner surface of the tank were higher than 

their corresponding plies on the outer surface. Although microcracks initiated in 

every ply throughout the tank wall, the low crack density of the outer plies meant 

that no through-thickness crack networks were detected for any of the five Weibull 

simulations, implying negligible permeability for the design. Crack density values 

taken from the direct defect simulations show the same microcracking trend for the 

centre plies. However no microcracks were observed in the hoop or ±75° plies. This 

was due to the void induced stress concentrations being of insufficient magnitude to 

initiate cracking in these plies, despite the maximum measured void content being 

used in the simulations. In this case, the Weibull method can be considered a more 

thorough approach to damage and permeability prediction. 

  

Figure 6.14 Comparison of average crack densities for each ply of the 

[90°2/±75°2/90°2/±60°2]S cryo-tank predicted by the Weibull and direct defects 

modelling methods. Ply 1 is on the inner surface of the tank. 
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6.4. Conclusions 

A combined experimental and numerical method for the prediction of damage and 

permeability in internally pressurised linerless cryogenic tape-laid tanks is presented. 

A detailed characterisation of a tape–laid CF/PEEK material is presented, with 

temperature-dependant material properties covering the range from processing to 

cryogenic temperatures. Optical micrography and 3-D X-ray CT were used to 

investigate the defect content of the material as well as damage due to cryogenic 

cycling. Void content of the tape-laid material was found to be an order of 

magnitude higher than for comparable autoclave processed material, although similar 

trends in void morphology were observed. Transverse microcracks were also present 

throughout the test specimens post-cycling. 

A detailed tank design, based on reducing the transverse stress throughout the tank 

wall, was developed. Unlike lay-ups typically used for COPVs, a combination of 

hoop and high-angle helical plies were found to be most efficient at reducing 

transverse stress levels due to combined thermo-mechanical loading. A sub-model of 

the cryo-tank was developed to predict intra- and inter-ply damage formation based 

on a novel XFEM-SCZM methodology. The material properties and defect 

distributions of the tape-laid material were used as inputs for the model. Two 

methods of modelling microcrack initiation were employed: a Weibull distribution of 

fracture strengths method and a void-based stiffness reduction method. Several lay-

up variations were tested using the modelling technique. The optimised high-angle 

helical tank was shown to be least susceptible to through-thickness microcrack 

formation and hence cryogen leakage.  
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7. Discussion and conclusions 

 

7.1 Chapter summary 

This chapter presents the main conclusions of the thesis. Section 7.2 summarises the 

research outcomes from the individual articles, as well as outlining the connection 

between the works. Ideas for future work are provided in Section 7.3 and overall 

conclusions for the work are given in Section 7.4. 

 

7.2 Thesis overview 

In order to significantly reduce launch costs, the next generation of reusable launch 

vehicles (RLVs) will require the adoption of novel weight-saving designs. The 

development of lightweight composite cryogenic fuel tanks for these vehicles is 

central to achieving this goal. Given the complexity and scale of these tanks, new 

experimentally validated numerical techniques are necessary in order to ensure safe 

and reliable designs. This thesis outlines a novel combined experimental and 

numerical approach to predicting composite laminate permeability with the aim of 

improving cryogenic tank design. 

Existing methods of predicting composite laminate permeability rely on a unit cell 

approach based on pre-defined microcrack density and fixed delamination length. 

These analysis techniques have been constrained by a lack of experimental insight 
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into crack network and delamination formation, as well as a lack of flexibility due to 

the constraints of previously-utilised numerical methods. In Chapter 3, a novel 

extended finite element method (XFEM)-based methodology for the combined 

simulation and prediction of thermal fatigue delamination for identification of 

delaminated crack opening displacement (DCOD) and, hence, composite laminate 

permeability was presented. This method represents an important advancement in 

laminate permeability prediction, as it does not require the initial delamination to be 

pre-defined in terms of location or size. The need for continual re-meshing in order 

to capture crack propagation is also removed, significantly reducing computational 

cost and enhancing the scalability of the approach. The methodology was validated 

through simulation of standardised static and fatigue delamination tests and 

compared with experimental work and results from the literature. The method was 

also used to predict trends in the relationship between initial delamination length, 

crack growth behaviour and permeability. For short initial defect lengths, of the same 

order as ply thickness, high growth rates were predicted, whereas a distinct levelling-

off in growth rate was predicted for longer initial delamination lengths. This suggests 

that interlaminar defects with dimensions of the same order as ply thickness are of 

greater concern with regard to crack growth rate for low cycle applications. It was 

shown that DCOD increases with delamination length for a given ply thickness. This 

has direct implications for gas leakage potential due to an increase in crack overlap 

area. 

Novel, high-performance, thermoplastic composite materials such a CF/PEEK have 

not been investigated in-depth. Understanding and, hence, predicting the response of 

these materials to cryogenic conditions is crucial to the development of advanced 

analysis techniques. Chapter 4 describes detailed experimental testing to characterise 

damage formation in cryogenically cycled CF/PEEK laminates. A combination of 

optical microscopy and 3-D X-ray CT (computed tomography) was used to provide 

an insight into the interaction between transverse microcracking and delamination. 

This approach permitted observation of detailed networks of through-thickness 

cracks with a level of detail not previously achieved. The scope and complexity of 

these crack networks require full 3-D modelling to predict laminate permeability. 

The presence of defects such as voids were found to influence microcrack initiation 
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and growth. CT scans were used to quantitatively characterise void morphology and 

spatial distribution for modelling.  

The important role of residual stress in damage formation was observed in thicker 

laminates, prior to cryogenic cycling, indicating significant stress build-up from the 

material processing temperature to room temperature. All damage formation, 

independent of laminate thickness or lay-up, was found to occur after the first 

cryogenic cycle, despite the laminates being exposed to over 50 thermal cycles. This 

has a significant impact on tank design using CF/PEEK in that fatigue loading 

associated with re-fuelling is not anticipated to be a significant factor in damage 

accumulation. As shown in Chapter 3, the predicted DCOD of transverse 

microcracks was found to increase with length of adjacent inter-ply delaminations. 

Large crack openings were observed in thicker laminates, particularly in the outer 

plies. Crack opening in inner and off-axis ply groups was found to be significantly 

less than in outer plies; this highlights the importance of these plies for limiting 

laminate permeability. 

The experimental work of Chapter 4 highlighted the need for a 3-D permeability 

prediction methodology capable of simulating random microcrack initiation. To this 

end, Chapter 5 describes a novel computational methodology for predicting three-

dimensional microcracking, delamination and permeability in composite laminates. 

This method represents a significant improvement over existing techniques which 

rely on repeating unit cell geometries and pre-defined crack locations and growth 

paths. The methodology combines the use of XFEM for random microcrack 

initiation with a cohesive zone model for delamination, allowing for the first time 

discrete damage modelling of through-thickness leak paths in multi-ply laminates. 

This facilitates direct computation of DCOD values and crack overlap areas for 

permeability prediction throughout the entire model space. Two distinct methods of 

simulating microcrack initiation due to the presence of defects were also introduced: 

the first based on a stochastic distribution of material fracture strengths and the other 

on the defect distribution measured in Chapter 4. These methods aim to directly link 

experimental observations with the modelling process for random crack nucleation. 

The methodology was used to predict damage and leak rates of laminates similar to 

those tested in Chapter 4. A qualitative comparison of the damage formation in the 

models and the X-ray CT scans of the specimens showed similar overlapping crack 
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patterns, with damage forming after a single cycle. A quantitative comparison of 

DCOD values through the thickness for the model and experimental specimens again 

matched closely. Measured leak-rates were also found to be within the range of 

experimental test data from ÉireComposites Teo. 

To date, no detailed design of a linerless composite cryogenic fuel tank has been 

published, despite significant work in the area of composite overwrapped pressure 

vessels (COPVs). In Chapter 6, a combined experimental and numerical approach to 

the design and analysis of tape-laid composite cryogenic tanks was presented. Many 

of the experimental techniques introduced in Chapter 4 were used to characterise 

tape-laid CF/PEEK, a material which has received little attention in the literature. 

Void content for the tested laminates was found to be on average an order of 

magnitude higher than comparable autoclave specimens, in-part due to the presence 

of gaps in the laminates. The general production quality of the tape-laid laminates 

was also found to be lower, primarily due to the novelty and the complexity of the 

in-situ consolidation process. Transverse microcracking was again observed after a 

single cryogenic cycle. Measured defect distributions and temperature-dependant 

properties were used, in conjunction with an improved version of the numerical 

methodology outlined in Chapter 5, to predict damage formation and leakage in a 

large cryogenic fuel tank. An optimised tank design was presented which represented 

a significant step beyond conventional COPV design. A lay-up comprising hoop and 

high-angle helical plies was found to offer superior resistance to transverse stress 

build-up in the tank under cryogenic and internal pressure loading. This is important 

due to the increased likelihood of transverse microcracking with increased transverse 

stress. A damage sub-model for the optimised lay-up showed significantly improved 

performance over conventional lay-ups under estimated operating loads; the 

optimised lay-up was predicted to be free of through-thickness crack networks and, 

hence, leak paths. The methodology was also shown to be scalable to a previously 

unseen level for a meso-scale discrete damage prediction technique. 
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7.3 Future work 

This work provides a framework for simulating meso-scale discrete damage in 

composite laminates for permeability prediction. Given the complexity and novelty 

of this area, significant research into both experimental and numerical methods is 

required to ensure the robustness and accuracy of the approach. 

One of the main sources of potential inaccuracy in damage simulation is the material 

properties which are used as inputs. Modelling the material response from processing 

to cryogenic temperatures requires access to a vast range of temperature-dependant 

material properties. Although significant effort has been made in this work to 

accurately characterise the behaviour of CF/PEEK throughout the temperature 

ranges used in simulations, gaps exist in the data. The fracture behaviour of 

CF/PEEK, or even more common epoxy materials, remains understudied at 

cryogenic temperatures. Methods for predicting residual stress gradients in 

autoclaved laminates remain underdeveloped and practically non-existent for tape-

laid laminates. This has serious implications for the accurate modelling of high-

processing temperature thermoplastics such as CF/PEEK, where the magnitude of 

residual stress is seen as having a major effect on the damage accumulation in 

cryogenically cycled laminates. Experimental data relating to the permeability of 

CF/PEEK also remains sparse. It is envisaged that combining conventional leak tests 

with advanced non-destructive testing methods such as 3-D X-ray CT could lead to 

further calibration and validation of permeability predictions. 

The combination of XFEM and cohesive zone modelling has been shown to offer a 

flexible and scalable approach to intra- and inter-laminar damage modelling for 

composites. However, the simplicity of the method somewhat compromises the 

accuracy of the solution. Research is ongoing into developing traction laws and 

cohesive zone models which are more capable of capturing the interaction between 

intra- and inter-laminar damage modes. Due to the scale of the structures being 

modelled, an approach comprising of a single element through the ply thickness, 

along with a single cohesive element is required to minimise computational time. An 

improved XFEM implementation for the damage models is also required. Significant 

convergence problems were encountered for high-damage simulations, often 

resulting from issues with XFEM crack surface determination. Although of minimal 
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importance to permeability predictions due to its catastrophic implications for the 

structure, XFEM fibre failure criteria could also be included in order to expand the 

utility of the methodology.  

There have been very few studies on overwrapped or linerless cryogenic fuel tanks. 

This work has sought to outline an approach to the design and analysis of such 

structures, based on available data and materials. However, comprehensive 

experimental testing of actual scale model tanks, manufactured using tape-laid 

composites is required. The material, processing and loading complexities involved 

in such designs can only be fully addressed in this way. 

 

7.4 Conclusions 

The aim of this thesis was to understand and predict the damage and permeability of 

composite cryogenic tanks for the next generation of RLVs. A novel combined 

experimental and numerical approach was used to achieve this aim involving the 

testing, characterisation and modelling of composite laminates. This work has 

resulted in an improved understanding of cryogenic damage formation in composite 

materials and the development of a 3-D numerical methodology for predicting 

permeability of large composite structures. The main research outcomes are 

summarised below: 

 The existing unit cell approach to laminate permeability prediction has been 

improved upon using a novel, experimentally-validated, XFEM-based 

approach. Delamination growth at crack openings can now be directly 

predicted rather than estimated from experimental data. In addition, the 

delamination initiation point and growth path are no longer required to be 

defined a-priori. This leads to more accurate permeability predictions using 

this method. 

 

 Extensive experimental testing and characterisation of cryogenically-cycled 

laminates have improved understanding of through-thickness crack network 

formation, crack morphology, manufacturing defects, residual stress, 
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thickness effects and the role of material type and stacking sequence on 

damage formation. 

 

 A novel 3-D combined XFEM-cohesive zone methodology has been 

developed, allowing discrete damage and permeability prediction of large 

structures including random microcracking. The method facilitates simulation 

of overlapping crack networks, DCOD and crack density, removing the 

constraints of the existing pre-defined unit cell approach.  

 

 Based on experimental observations and numerical simulations, an optimised 

tape-laid cryogenic fuel tank design has been presented. The tank represents a 

significant departure from conventional composite pressure vessel design, 

with the reduction of thermally induced stress being the critical design 

criterion. Using the developed permeability prediction methodology, the 

design has been shown to predict cryogen leakage at maximum expected 

operating loads. 
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A. Appendices 

 

A.1 Finite element implementation of the VCCT 

In Chapter 3, the VCCT is used in conjunction with XFEM to model delamination in 

composites. The following describes the general VCCT implementation within the 

finite element mesh using a 2-D four-noded element at the crack tip, shown in Fig. 

3.3 and A.1. 

 

Figure A.1 Implementation of the VCCT for a four-noded element. 
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The strain energy release rate at the crack tip is calculated as a function of the force 

at the tip and the COD. The relation for a Mode I crack growth situation is given by 

Eq. A.1 [1],  

                                                         

𝐺𝐼 =
1

2∆𝑎
(𝐹𝑦𝑉𝑦) 

                                                  

where 𝐺𝐼is the Mode I energy release rate, ∆𝑎 is the crack extension, 𝐹𝑦 is the 

vertical force between nodes 𝑖 and 𝑖∗, and 𝑉𝑦 is the vertical displacement between 

nodes (𝑖 − 1) and (𝑖 − 1)∗ as shown in Fig. A.1. The relation for a Mode II crack 

growth simulation is given by Eq. A.2 [1], 

 

𝐺𝐼𝐼 =
1

2∆𝑎
(𝐹𝑥𝑉𝑥) 

 

where 𝐺𝐼𝐼 is the Mode II energy release rate, ∆𝑎 is the crack extension, 𝐹𝑥 is the 

horizontal force between nodes 𝑖 and 𝑖∗, and 𝑉𝑥 is the horizontal displacement 

between nodes (𝑖 − 1) and (𝑖 − 1)∗ as shown in Fig. A.1. The reader is directed to 

[1] for a more detailed treatment of the VCCT implementation within the finite 

element mesh. For a combination of normal and shear forces, such as in a mixed-

mode loading case, then effective nodal separations are defined, based on the 

location of the crack surface. Within Abaqus, the effective separation, 𝛿𝑚, is given 

by the following [2]:  

 

𝛿𝑚 = √〈𝛿𝑛〉2 + 𝛿𝑠
2 + 𝛿𝑡

2 

 

where 𝛿𝑛 is the separation normal to the crack surface and 𝛿𝑠 and 𝛿𝑡 are the two 

shear separations along the crack surface. These separations are analogous to the 

aforementioned nodal separations described in Eqs. (A.1) and (A.2) and are used to 

describe the traction-separation behaviour of damaged elements in conjunction with 

the equivalent mixed-mode energy release rate described in Chapter 3. 

 

(A.1) 

(A.2) 

(A.3) 
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A.2 DCB and ENF experimental data 

Both the DCB and ENF experimental test data in Chapter 3 were generated by 

ÉireComposites Teo [3] for Suprem Victrex-150 AS4 CF/PEEK. The comparisons 

between the XFEM-generated data and experimental curves shown in Fig. 3.10 and 

Fig. 3.12 are based on mean material properties (including the GIC and GIIC fracture 

toughness values and the material elastic constants (Table 3.1)) and test specification 

dimensions (including specimen width, thickness and pre-crack length).  The 

properties and dimensions of individual test specimens can vary and these natural 

variances can explain some of the differences between the XFEM model response 

and the experimental data. For instance, differences in the elastic moduli can 

influence the slope of the linear-elastic section of the curve. Differences in the initial 

pre-crack length can influence the peak loads at damage initiation. Variation of 

fracture toughness can lead to variations in crack propagation behaviour. For 

completeness, the full set of available experimental data is provided in the following 

graphs and tables for both the DCB and ENF tests. 

 

Figure A.2 Load-displacement curve for the XFEM DCB model and six 

experimental DCB tests. 
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Table A.1 Available test specimen geometry and properties for each DCB test 

shown in Fig. A.2. 

 

Specimen # Thickness (mm) Width (mm) GIC (jm
-2

) 

XFEM 2.50 25.00 1062 

1 2.40 25.01 1058 

2 2.50 25.03 1144 

3 2.48 24.75 1099 

4 2.43 24.87 1017 

5 2.52 24.92 1081 

6 2.54 24.96 975 

 

 

 

Figure A.3 Load-displacement curve for the XFEM ENF model and five 

experimental ENF tests. 
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Table A.2 Available test specimen geometry and properties for each DCB test 

shown in Fig. A.3. 

 

Specimen # P (N) a (mm) Thickness (mm) Width (mm) GIIC (jm
-2

) 

XFEM 410 35.00 2.50 25.00 999 

1 375 35.83 2.50 25.02 821 

2 432 35.11 2.46 24.95 979 

3 430 35.40 2.45 24.75 1003 

4 390 35.25 2.57 24.75 1079 

5 455 35.13 2.54 24.96 1116 

 

A.3 Mesh density and convergence controls 

This appendix details the mesh density and convergence criteria used for numerical 

simulations in Chapter 3. The reader is directed to Krueger’s extensive work on these 

topics [4], which was used as a basis for many of the mesh and convergence criteria 

used in this work. 

 

A.3.1 Element type 

2-D CPE4R plane strain elements were used for all simulations in Chapter 3. These 

elements are described as 4-node bilinear, reduced integration elements, with 

hourglass control [2]. The effect of element type on VCCT crack growth was 

investigated in detail by Krueger [4], with the CPE4 elements showing excellent 

agreement with established crack growth benchmark tests. Negligible differences in 

performance were predicted between plane strain and plane stress (CPS4) elements, 

although the plane strain elements exhibited a slightly more compliant behaviour. 

 

A.3.2 Mesh density 

For the VCCT, both the element crack tip length, Δa, and the number of elements 

through the ply thickness of the composite can influence the accuracy of crack 
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growth simulations. The technique itself is relatively robust, particularly for coarse 

meshes, although for meshes with a low element crack tip length to ply thickness 

ratio, solution oscillation is known to occur [5]. Thus, an optimum range of mesh 

densities exists for obtaining converged solutions. For the 2-D DCB fatigue test, 

Krueger recommends using approximately six elements through the thickness of 

specimens and an element crack tip length between 0.25 mm (lower bound 

constrained by computational expense) and 1.67 mm. For this range of mesh 

densities, the maximum deviation of the solution from the converged benchmark is 

expected to be less than 10%, both in terms of the critical load at crack initiation and 

in terms of the subsequent crack growth behaviour. 

For the static DCB test case modelled in Chapter 3, six elements were used through 

the thickness of the specimen. Mesh densities of 1,000 (Δa = 1.500 mm), 10,000 (Δa 

= 0.150 mm) and 113,000 elements (Δa = 0.013 mm) were used to examine the 

effects of mesh convergence. As expected, even the relatively coarse mesh of 1,000 

elements achieved a solution within 9% of the converged simulation (113,000 

elements), based on deviation of the critical load point. For the static test case, the 

10,000 element model was chosen as the ideal comprise between solution accuracy 

(within 3% of the converged solution) and model simulation time (less than 15 

mins.). A similar mesh density was employed for the ENF test case, with a 7,200 

element mesh being used due to the smaller length of the ENF specimen (160 mm 

long as opposed to 250 mm long for the DCB specimen). This resulted in 

approximately the same crack tip element length for both the static DCB and ENF 

simulations. 

Given the increased computational expense of fatigue simulations, where over 1 × 

10
7
 loads cycles were modelled, a reduced mesh density of 1,800 elements (Δa = 

0.833 mm) was used for the DCB fatigue case. This drop in mesh density allowed an 

order of magnitude reduction in computational time when compared to the mesh 

density used for the static tests (10,000 elements), whilst keeping within the required 

element crack tip length range necessary for accurate implementation of the VCCT. 

A total of 2,240 elements were used for the thermal fatigue test case, with eight 

elements used through the thickness due to the non-standard test specimens used in 

the literature. The element crack tip length was 0.5 mm, again within the prescribed 

range and similar to the DCB fatigue test case. A denser mesh of 16,256 elements 
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was used for the FLM fatigue case. A total of four elements were used to model each 

ply in order to ensure accurate DCOD measurements. This corresponded to an 

element crack tip length of 0.005 mm. Although this element length is far below 

those used for the DCB, ENF and thermal test cases, the total specimen length of the 

FLM is 5 mm. Scaling the  element crack tip length to the DCB test case dimensions 

(specimen length of 250 mm) would give an equivalent element length of 0.25 mm. 

It should be noted that for all test cases examined in this work, the minimum mesh 

density required for accurate solution convergence (within 10% of measurable 

output) was determined, before increasing the mesh density until computational 

expense became the primary constraint. This approach was carried out in keeping 

with the general bounds of element sizes outlined in Krueger’s VCCT benchmark.  

 

A.3.3 Convergence controls 

An initial time increment of 0.001 was used in simulations, based on 

recommendations from Krueger to ensure a prompt, yet accurate solution. In general, 

smaller time increments were found to yield more accurate crack propagation 

predictions due to the non-linear nature of the analyses. The downside of using small 

time increments is the corresponding increase in computation time. During the 

analyses in Chapter 3, dynamic cutback of the time increment was allowed, down to 

a minimum time increment of 1 × 10
-12

. The general solution controls within the 

Abaqus implicit software were also modified to allow for a discontinuous analysis. 

Such an approach is recommended for complex crack growth problems [2]. The two 

time incrementation parameters, I0 and IR, were increased from there default values 

and have a direct effect on convergence. I0 is the number of equilibrium iterations 

after which the check is made that the residuals are not increasing in two consecutive 

iterations. The value of this parameter was increased from 4 to 8. IR is the number of 

equilibrium iterations after which the logarithmic rate of convergence check begins. 

The value of this parameter was increased from 8 to 10. The combined effect of 

increasing these parameters can also help to prevent premature cutbacks in time 

increment. IA, the number of time increment cutbacks allowed for a given increment, 

was also increased from 5 to 20 to increase the chances of solution convergence. 
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These changes to the time increment convergence controls are not expected to affect 

the accuracy of the solutions presented in Chapter 3. 

 

A.4 Materials and processing techniques 

CF/PEEK is an advanced thermoplastic carbon-composite, widely used in the 

aerospace industry due to its superior properties. The composite consists of carbon 

fibres, on the order of 5 to 7 μm in diameter, embedded in a matrix of polyether ether 

ketone (PEEK). The carbon fibres give the composite its characteristic high strength 

and stiffness, while the matrix holds the fibres together. CF/PEEK is supplied as a 

raw material in the form of a pre-impregnated (pre-preg) tape, where the fibres are 

all aligned in the same direction. Given the extremely high aspect ratio of long-

strand fibres, they generally only offer high strength and stiffness properties in a 

single direction, with matrix properties dominating in the out-of-plane directions. 

Therefore, multiple sheets, or plies, of pre-preg must be stacked to form laminates in 

order to achieve desirable multi-directional properties. Processing of these laminates 

can be carried out by methods including autoclave and automated tape-laying (ATL), 

both of which were used for this work. 

Autoclave processing is widely used for manufacturing high performance composite 

structures. The equipment typically consists of a secure pressure vessel with an 

associated heat source. The method relies on the application of heat and pressure to a 

part placed in the autoclave in order to achieve consolidation of the plies. A major 

benefit of using an autoclave is the high part quality which is obtained, particularly 

in terms of a low void content and good resin distribution. However these come at 

the price of a large initial capital investment for the equipment, as well as high 

operating costs. 

Three types of CF/PEEK from three different material suppliers were processed by 

autoclave for cryogenic cycling: (i) Suprem T/60%/IM7/PEEK/Victrex-150, (ii) 

Cytec APC-2 IM7 and (iii) Tencate CF/PEEK CETEX TC1200 AS4. The first two 

material use intermediate modulus IM7 carbon fibres, while Tencate uses AS4. The 

prepreg ply thickness for each material was approximately 0.14 mm. The Suprem 
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prepreg came in a roll 150 mm wide, while the Tencate and Cytec came in rolls 305 

mm wide. Tables A.3 and compares the main properties of the fibres. Table A.4 

provides manufacturers PEEK property data. Note, to the author’s best knowledge, 

Victrex-150 is the matrix material used for Cytec APC-2 prepreg. The specific fibre 

surface treatments used for each material type are not available. 

Table A.3 Comparison of carbon-fibre properties for the composites processed. 

 

Property AS4 [6] IM7 [7] 

Tensile Modulus (GPa) 231 276 

Density (g/cm
3
) 1.79 1.78 

Filament Diameter (μ) 7.1 5.2 

Specific Heat (cal/g°C) 0.27 0.21 

Thermal Expansion (ppm/°C) -0.63 -0.64 

Thermal Conductivity (W/mK) 6.83 5.4 

 

 

Table A.4 Comparison of PEEK properties for the composites processed. 

 

Property Cytec APC-2 

[8] 
Cetex MC1200  

[9] 
Victrex-150 

[10] 

Tensile Strength (MPa) 100 100 100 

Tensile Modulus (GPa) 3.6 3.7 3.7 

Flexural Modulus (GPa) 4.1 4.1 4.1 

Glass transition temperature (°C) 

Melt Viscosity (Pa.s) 

143 

N/A 

143 

N/A 

143 

130 (@400 °C) 

 

 

Identical sets of rectangular laminates measuring 150 mm × 70 mm for each 

material type were laid-up by hand at ÉireComposites Teo (Indreabhán, Ireland). 

Prior to being processed in the autoclave, a polyimide film was placed over the 

laminates. Custom cut metal caul plates were cut to the laminate dimensions and 

then placed over the film above each laminate. The caul plates were made from mild 

steel to limit the mismatch in thermal expansion with the composite laminates. The 

laminates and caul plates were then sealed in a vacuum bag and placed under 
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vacuum (atmospheric pressure). The caul plates transmit a normal pressure to the 

surface of the laminate and ensure a smooth part surface. The vacuum was kept in 

place for the duration of processing. Several thermocouples were also placed within 

the vacuum bag to monitor the temperature during processing. Up to 6 parts at a time 

were then sealed in the autoclave, as shown in Fig. A.4.  

 

Figure A.4 Autoclave processing of composite laminates at ÉireComposites Teo. 

 

Nitrogen gas was used to increase the pressure acting on the vacuum bag while the 

parts were heated to a temperature of 385 °C for the Cytec and Tencate materials and 

375 °C for the Suprem material. The laminates were held at processing temperature 

at a pressure of approximately 6.5 bar. for 25 minutes in order to ensure full 

consolidation. The average cooling rate and peak cooling rate were 3.8 °C/min and 

4.9 °C/min respectively. Upon removal from the autoclave, the laminates underwent 

ultrasound testing to ensure no major defects were present. Each laminate was then 

partitioned into 6 individual specimens of size 34 mm × 27 mm using a water-jet, as 

shown in Fig. A.5. A compact specimen size was chosen in order to facilitate 

detailed non-destructive testing. The crystallinity level for the specimens was not 

directly measured; however, previous measurements on similarly processed 

autoclave specimens gave crystallinity levels of approximately 35%. 
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Figure A.5 CF/PEEK specimens cut from an autoclaved laminate. 

 

ATL is a relatively new method of out-of-autoclave processing of composite 

materials based on the in-situ consolidation of plies. In the case of thermoplastic 

composites such as CF/PEEK, this means that the material lay-up and bonding can 

occur simultaneously. Given that the process is fully automated, significant labour 

and time savings are possible by using this method. ATL is carried out by a 

computer controlled robot which typically applies pre-preg tape to a heated mould 

placed on a revolving mandrel. Thus, the technique is well suited to producing 

components such as pressure vessels. Like autoclave processing, heat and pressure 

are used to consolidate the plies. However, consolidation occurs at a point, 

specifically where the head of the robot is placed, as opposed the entire laminate 

simultaneously, as shown in Fig. A.6.  
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Figure A.6 Schematic of the ATL process showing in-situ ply consolidation. 

 

The main drawbacks of this technique include the potential for poor ply adhesion 

due to insufficient bond time and the presence of significant residual stress gradients 

due to non-uniform cooling. The laying process itself can also result in gaps due to 

overlapping plies which can result in high void contents. These issues can often lead 

to composite laminates of a lower general quality than those produced in an 

autoclave. The tape laid specimens used in this work were manufactured at the 

University of Limerick in conjunction with ÉireComposites Teo and ICOMP using 

the ATL robot shown in Fig. A.7. A tape-grade version of the intermediate modulus 

Suprem T/60%/IM7/PEEK/150 was used for the ATL specimens. Consolidation is 

achieved using a 3,000 W laser-line diode laser module, with parts up to 2 m in 

diameter being catered for. 
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Figure A.7 The ICOMP ATL robot used to manufacture the tape-laid specimens 

used in testing. Shown is a 500 mm diameter CF/PEEK cylinder. 

 

Specimens from both flat-plate laminates and cylindrical sections were extracted for 

testing. The flat-plate laminate was sectioned into rectangular coupons 34 mm × 27 

mm, similar to the autoclave specimens shown in Fig. A.5. Uni-directional and 

quasi-isotropic cylindrical sections, shown in Fig. A.8, were also extracted from 500 

mm diameter cylinders in order to investigate the effect of part geometry on 

processing defects and damage formation.  
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Figure A.8 CF/PEEK cylindrical sections manufactured using the ATL robot. 

 

A.5 Cryogenic cycling 

CF/PEEK laminates were cryogenically cycled in order to simulate the thermal 

fatigue loading experienced by fuel tank materials used in RLVs due to multiple 

refuellings. Observing and quantifying physical damage accumulation in cycled 

laminates provides the basis for detailed FE damage simulations and subsequent 

predictions of laminate permeability. Test specimens were cycled manually and 

automatically via direct immersion in a cryogen as well as by controlled cooling of a 

single specimen to cryogenic temperatures. 

Manual cycling was carried out in order to investigate crack initiation and growth in 

laminates due to direct immersion in a cryogenic liquid. Testing took place at 

ESTEC, allowing access to the aforementioned specialised NDT equipment for 

continuous specimen damage monitoring. Due to cost and safety concerns associated 

with using open containers of LH2 and LO2, LN2 (liquid nitrogen) was used to 

represent the contents of a RLV fuel tank for cryogenic cycling. LN2 is widely used 

in many industrial applications and can be sourced in large quantities at a relatively 

low cost. It has a boiling point between that of LH2 and LOX at -196 °C, allowing a 

realistic approximation of the cryogenic cycle which occurs during the fuelling 

process. The cryogenic cycle consisted of immersing a batch of the specimens 

directly into an open Dewar of LN2 before placing them in warm air flow at 40 °C 
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from a fan, giving a total ΔT of -236 °C. This cycle was carried out a total of 50 

times for all specimens during the course of manual testing. In order to accurately 

trace the thermal history of cycled laminates, a thermocouple was embedded in the 

centre of a cryogenically cycled 8-ply CF/PEEK laminate at ÉireComposites Teo, as 

shown in Fig. A.9.  

 

 

Figure A.9 Cryogenic cycle of an 8-ply CF/PEEK laminate immersed in LN2 and 

heated in a warm air flow. 

 

In order to continue the cryogenic cycling of the specimens beyond the initial 50 

manual cycles, an automated fatigue rig was commissioned at NUI Galway. The aim 

of this project was to examine damage growth at several hundred fatigue cycles, with 

minimal interaction required in the cycling process. Automation of the manual 

process required development of an electro-mechanical system to reliably cycle 

specimens over extended periods of time. 

The main components of the fatigue rig are shown in Fig. A.10 and include: 

 LN2 Dewar 

 Specimen holder 

 Stepper motor and pulley system 
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 Arduino Uno microcontroller 

 Thermocouple and thermal amplifier 

 Heating fan and direct control socket 

 

 

Figure A.10 The automated cryogenic fatigue rig developed at NUI Galway for 

cycling of CF/PEEK laminates. 

 

The thermal history of both manually and automatically cycled laminates was 

identical, with specimens being directly immersed in LN2 before being heated in an 

air flow of 40 °C. The rig facilitated up to 9 specimens to be cycled simultaneously, 
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whilst being held in a custom made 3-D printed Nylon specimen container. The 

holder was designed to keep the specimens well-spaced apart for consistent heat 

transfer between the laminates and the cryogen. The use of light-weight Nylon in 

place of a metallic material ensured minimal LN2 boil-off during cycling, increasing 

the rig operation time between Dewar refills.  

A stepper motor and pulley system, controlled by an Arduino Uno, was used to raise 

and lower the specimen holder between the Dewar and the warm air flow provided 

by the heater. The dwell position and times were pre-programmed, with thicker 

specimens requiring extended hold times during the cooling and heating phases. In 

order to ensure reliable unattended operation of the system, a thermocouple was 

connected to the specimen holder, allowing the temperature trace for each cycle to be 

logged on an adjoining desktop computer. Depending of the specimen thickness, 

between 6 and 24 cryogenic cycles could be carried out before the 4 litre Dewar had 

to be manually refilled. Despite some specimens being exposed to an additional 250 

cycles, no further microcracking or delamination was detected. 

 

A.6 Non-destructive testing 

Understanding damage initiation and growth in CF/PEEK test specimens is essential 

to the development of accurate predictive models. Material and damage 

characterisation were carried out before, during and after cryogenic cycling of the 

CF/PEEK laminates using two non-destructive testing (NDT) techniques: optical 

microscopy and 3-D X-ray computed tomography (CT). These techniques allow a 

material to be inspected in detail without altering the physical attributes of the test 

specimen, providing an insight into the basic structure of the laminates as well as 

damage formation. 

Optical microscopy is based on the reflection of visible light from the surface of a 

specimen. Detailed, high magnification micrographs of composite cross-sections can 

be obtained using this technique. Microscopy is widely used in the characterisation 

of composite materials and can be helpful in determining void and resin contents as 

well as monitoring damage growth. In particular, micrographs offer unrivalled clarity 
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when viewing a composite cross-section, allowing for accurate crack opening 

displacement and crack density measurements. A highly reflective and smooth 

surface is required for inspection, meaning careful specimen preparation is required. 

Prior to cryogenic cycling, specimens were prepared for optical microscopy by a 

procedure involving the grinding, polishing and cleaning of laminate sides. The 

specimens were first mounted in quick-set epoxy resin holders in order to ensure a 

level surface when grinding and polishing, as shown in Fig. A.11.  

 

 

Figure A.11 CF/PEEK laminates set in an epoxy mount with sides exposed for 

grinding and polishing. 

 

The specimens were hand ground using successively finer grit paper ranging from 

P180 to P2400, before being machine polished on cloth using diamond solutions 

ranging from 6 μm to 0.25 μm. The specimens were thoroughly cleaned with water, 

soap solution and isopropyl alcohol between each grinding and polishing stage. The 

sides were viewed before and during cycling, under magnifications ranging from 

12.5× to 200×, in order to characterise the internal structure of the laminates and to 

observe subsequent crack growth. The effect of the grinding and polishing procedure 

on a laminate edge is shown in Fig. A.12. 
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Figure A.12 The difference in surface reflectivity for a CF/PEEK sample before and 

after polishing. 

 

3-D X-ray CT is increasingly becoming a viable testing technique due to 

technological advances and reduction in equipment costs. This technique allows a 

full 3-D characterisation of the damage modes within a specimen, as well as void 

and defect identification by isolating the various phases within a material, including 

air gaps. This capability provides a platform for direct comparison with 3-D FE 

damage simulations, giving unprecedented insight into crack network formation 

within laminates and simplifying model calibration and validation. In this work, 3-D 

X-ray CT has been used to quantitatively analyse defects present in CF/PEEK 

laminates and to observe damage formation during and after cryogenic cycling. 

X-ray CT is a NDT technique which can be used to view the internal structure of an 

object without physically opening it. The main components of an X-ray CT system 

are the X-ray source, the X-ray detector and a rotating holder for the specimen to be 

scanned. The fundamental principle of operation is the attenuation of X-rays as they 

pass from the source through the various substances within an inhomogeneous 

object. The difference in X-ray intensities can then be detected via scintillators. For 

instance, within a composite material the fibre and matrix phases will absorb a 

different amount of the X-rays passing through them, allowing the distinct phases of 

the material to be identified. Fig. A.13 shows the main components in an X-ray CT 

system. 
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Figure A.13 Main components of an X-ray CT system with a stationary source and 

rotating specimen.  

 

The specimen is incrementally rotated through 360° whilst 2-D radiographic images 

are taken, providing a sliced view through the scanned object. High-performance 

computing techniques are then used to generate tomographic images and to 

reconstruct them into a 3-D representation of the specimen. Volume rendering and 

subsequent analysis of the internal structure can then be carried out. Unlike optical 

microscopy, X-ray CT does require any specific specimen preparation before 

scanning. Fig. A.14 shows the main steps in the generation of a 3-D image from the 

initial 2-D scans. 
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Figure A.14 The main steps involved in the generation of 3-D images from 2-D 

tomographic slices. 

 

A GE Phoenix M nano/microtom, based in the European Space Research and 

Technology Centre (ESTEC, The Netherlands), was used to scan the CF/PEEK 

laminates before, during and after cryogenic cycling. The X-ray gun, or source, was 

rated at 180 kV, with scans being carried out at 160 kV and 28 μA, giving a scan 

power of 4.5 W. A total of 1,000 tomographic images were generated for each scan 

over a 360° field of view, for a total scan time of 67 minutes. The tomographical 

reconstruction was carried out using Davos software, whilst volume rendering was 

completed using VGStudio MAX 2.2 (Volume Graphics GmbH, Germany).  Two 

primary scan resolutions were used in this study: 15 μm and 33 μm. The scan 

resolution is related to the minimum length scale discernible in the resulting 

reconstruction. For 3-D images this would correspond to voxels, or 3-D pixels, of 

side 15 μm and 33 μm respectively. Although the voxel is the base unit of a 3-D 

reconstruction, advanced rendering techniques allow prediction of phase changes 

within a voxel, based on the status of the connecting voxels. However, features are 

generally only discernible using this technique if one of their dimensions exceeds the 
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scan resolution, as is the case with narrow but long transverse microcracks or 

elongated, ellipsoidal inter-ply voids. 

 

A.7 Weibull distribution Python script 

The following is the Python script used to distribute random Weibull fracture 

strengths to elements within a finite element mesh, as described in Chapter 5. The 

script can be used to ensure proper implementation of the volume adjusted 

distribution by outputting a list of low fracture strength elements. This allows the 

number of low strength elements below a given threshold to be compared across 

multiple simulations to ensure consistent crack density results for a specific mesh 

density. 

 

from abaqus import * 

from abaqusConstants import * 

import random 

import regionToolset 

aModel=mdb.models[''] 

aPart=aModel.parts[''] 

i= 

print '*****************************' 

for eachElement in aPart.elements: 

 elSeq=aPart.elements.sequenceFromLabels(labels=(eachElement.label,),) 

 region = regionToolset.Region(elements=elSeq) 

 i=i+1 

 MaterialName = 'Material-' + str(i)  

 SectionName = 'section-' + str(i) 

 aModel.Material(name= MaterialName) 

 fs = random.weibullvariate( , ) 

 if fs > : 

  fs =  

 if fs < : 

  print fs  

 aModel.materials[MaterialName].Elastic(type=ENGINEERING_CONSTANTS, table=(( , ,  

    , , , , , , ), )) 

 aModel.materials[MaterialName].MaxsDamageInitiation(direction= ,table=(( , , ), )) 

 aModel.materials[MaterialName].maxsDamageInitiation.DamageEvolution( 

        type=ENERGY, mixedModeBehavior= , power= , table=(( , ,  

        ), )) 

 aModel.materials[MaterialName].maxsDamageInitiation.DamageStabilizationCohesive( 

        cohesiveCoeff= ) 

 aModel.HomogeneousSolidSection(name=SectionName,  material=MaterialName, 

thickness=None)     

 aPart.SectionAssignment(region=region, sectionName=SectionName, offset=0.0,  

   offsetType=MIDDLE_SURFACE, offsetField='',  

   thicknessAssignment=FROM_SECTION) 
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