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Abstract 

Many types of composite materials are today used in various types of load carrying 

structures, due to their excellent strength and stiffness to weight ratio. Simplicity, 

reliability and low cost of the material processing are important factors affecting the 

final selection. 

With the textile reinforced composites, the cost-efficiency is reached by using dry 

preforms which are impregnated by resin infusion, resin transfer molding etc.; this 

have made a break-through and have been widely used.  

Textile composites with bundle meso-structure have been studied in this thesis for 

elastic properties and damage investigations.  

The first part of this thesis deals with elastic properties modeling for Non-crimp 

fabric (NCF) based composites for investigating the effect of meso-structure defects 

on mechanical properties degradation. The objective of the work is to formulate a 

model for the NCF composite mesostructure in an attempt to investigate the effect 

of the waviness on stiffness reduction. Moreover, the stiffness calculation methods 

for the complex geometry are explained and justified and finally, the different 

geometrical parameters changes are taken into consideration and included in the 

calculation. 

The damage initiation and development is presented is the second part, where 

woven fabric composites designated for high temperature application were 

investigated under severe thermal conditions to study their thermal stability and 

their resistance to thermal damage. The mechanical performance of the same 

composites was studied. The effect of aging was also investigated. 3D models were 

realized with Finite elements in order to explain the edge effect on the evolution of 

the cracks observed during the tensile tests. In addition, the differences and 

similarities in cracking in different layers were analysed using probabilistic 

approaches (a simple one as well as Monte Carlo simulations with Hashin’s and also 

shear lag model) and fracture mechanics arguments. 
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Introduction 

Fiber reinforced composites 

The quest of weight gain using materials with superior specific properties, engages 

the interest of many researches to explore composite materials. Each year, 

composites find their way into hundreds of new applications from golf clubs and 

tennis rackets to jet skis, aircraft, missiles and spacecraft.  

Composite materials are widely used in different areas such as aeronautics 

(helicopter blades, pressure bulkhead, cargo door, etc), maritime transport (boats, 

etc), automotive industry (car roof, car carline, etc), electronic (insulation, mounting 

printed circuit, boards, etc), buildings (furniture, roofing, etc), industry (tanks, pipes, 

wind turbine blades, etc) and even in sports and entertainment (skis, fishing rods, 

helmets, etc)… 

A composite material consists of an assembly of different immiscible materials which 

complement each other and bring about a material whose physical properties are 

better than those of the individual constituents working separately. 

Polymer composites are formed with reinforcement in the form of particles or fibers 

embedded in a matrix. The matrix is often a thermoplastic or a thermoset polymer. 

The matrix preserves the geometric arrangement of fibers, protects them from the 

environmental attack and damage, to which the sample can be exposed. The fibers 

can have inorganic or organic nature such as carbon fibers, glass fibers, oxide fibers, 

silicon carbide fibers, etc. They can be continuous or discontinuous filaments. The 

high stiffness and strength of polymer composite materials stems from the high 

stiffness and strength of fibers. Their geometry allows them to have minimal defects 

and their composition gives them a high strength. The fibers work as reinforcements 

since the load is transferred to them from the matrix. The volume fraction of fibers 

for a structural composite is typically 45%-65%. The maximum theoretical value is 

79% for square array and 91% for a hexagonal array [1]. 
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The fibers can be arranged in different ways: homogenously or uniformly dispersed 

like in pre-impregnated tape laminates or in form of bundles like in the woven 

reinforced composites or the non-crimp fabric composites. 

The pre-impregnated tape laminate, shown in Figure1 [2], is a stack of unidirectional 

plies in which the layers are perfectly bonded to each other and the mechanical 

properties depend on their orientations.  

 

Figure1. Internal structure of pre impregnated tape based cross ply laminate [2] 

The main advantage of this material is the high fiber volume fraction that can be 

obtained with well aligned fibers, showing an excellent in-plane stiffness and 

strength. The problem with this material is that it is expensive. The high costs 

combine the high labor costs and the high storing costs (pre-impregnated tapes 

require low temperature to prevent curing). Another drawback is the sensitivity to 

inter-layer delamination cracking under impact loading due to their poor 

interlaminar fracture toughness [3].  

This problem is solved with woven composites shown in Figure 2 [4], the reinforcing 

fibers are assembled in bundles in different directions and form a fabric.  

 

Figure2. Images of E-glass (left) and basalt (right) woven fabrics [4] 
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This composite has two-directional reinforcement and its manufacturing cost is 

lower than that of the pre-impregnated tape based composite. The woven structure 

shows high waviness in the out-of-plane direction. This waviness brings advantages 

to the material by improving its fracture toughness and its mechanical properties in 

the out-of-plane direction. But, it brings also significant drawbacks to woven 

composite by reducing the in-plane properties. 

Some drawbacks of the pre-impregnated tape based composites and of the woven 

composites are overcome with new type of textile composite called non-crimp-fabric 

composites (NCF) presented in Figure 3 [5]. 

 

Figure5. Schematic diagram showing a multi-axial non-crimp fabric [5] 

NCFs are relatively new class of textiles in which a fabric is constructed of layers of 

fiber bundles aligned in specific directions [6]. The layers of fibers are produced by 

laying tows next to each other in a specified direction and subsequently employing a 

secondary fine yarn knitted around the tows to hold the fabric in place. The use of 

through-thickness stitching allows for improvement in damage tolerance and in the 

interlaminar fracture toughness. The manufacturing technique provides a dry 

preform which can be used in complicated shapes before it is consolidated into the 

final composite by resin transfer molding with low manufacturing costs comparing to 

the pre-impregnated tape based composite. NCF composites, ideally, would combine 

a good in-plane response, like pre-impregnated tape based composites and the good 

through-thickness stiffness and strength due to the stitching in the thickness 

direction [7].  
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NCFs show heterogeneities in the micro- and the meso –scale as shown in Figure 4 

[8]. The micro-scale heterogeneity can be seen from the microstructure of the fiber-

matrix inside the bundles, the meso-scale heterogeneity is due to the structure of 

layers where the fiber bundles are separated by the matrix. 

 

Figure4. Hierarchical structure of the NCF composites [8] 

 As it is shown in Figure 4, the 0°-tows are far from being ideally oriented and 

present waviness in the out-of-plane direction.  The stitching yarn induces waviness 

which leads to the in-plane stiffness reduction. The waviness occurring in NCF 

composites are similar to that can be seen in woven reinforced composites but with 

lower amplitudes. 

Mechanical properties in composites with bundle mesostructure 

In order to study the mechanical properties dependence on the architecture 

parameters, finite element analysis and theoretical analysis methods are more 

convenient than the experimental techniques because of the complex geometry. 

Finite element method (FE) started with Ritz who developed an effective method for 

an approximate solution of problems in the mechanics of deformable solids [9-10]. 

FE is a numerical method for finding approximate solutions to boundary value 

problems for differential equations. It uses variational methods to minimize an error 

function and produces a stable solution. The problem is transformed to an 
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equivalent one in terms of properties and geometry and the method is based on the 

discretization principle which is translated by the choice of a mesh that occurs by 

dividing the studied area into sub-domains with simple geometry (triangle, 

quadrilateral, etc) and with finite dimensions, hence the finite element method’s 

name. Results are determined for each element. The accuracy of the results is 

directly related to the mesh quality realized (number of element, their distribution in 

the structure, form of element, etc). In FE analysis many errors can be produced, 

such as wrong interpretations of the physical model, mechanical modeling errors 

due to many assumptions like geometric simplifications and resolution errors which 

are due to problems of numerical accuracy. The engineer must be aware of the 

existence of these errors and must be able to estimate a level of confidence in the 

results. 

Many researches have been conducted for predicting the mechanical properties of 

textile composites. The basic principle to determine the elastic properties of a textile 

composite using FE is to divide the structure into unit cells and then mechanical 

properties are calculated for the unit cell. 

Since the textile composites have a complex architecture it is not easy to incorporate 

all geometrical parameters and simplifications needed in the FE modeling [11]. 

Naik et al. [12-14] proposed a 2D crimp model for the elastic analysis of a 2D plain 

weave. The unit cell in this model was divided into sections and then the series-

parallel models were used to estimate the lower and the upper bounds of the elastic 

constants.   

Ishikawa and Chou developed the “mosaic” model [15], the “fiber undulation” model 

[16] and further the “bridging” model [17] for analyzing the elastic behavior of 

woven hybrid composites. In these models a fabric composite was simply regarded 

as an assembly of blocks of cross-ply laminates neglecting the shear deformation in 

the thickness direction. 
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Byström at al. [18] developed a homogenization method for stiffness matrix 

computation of woven composites; the method was called reiterated 

homogenization. The authors studied the linear elastic problems with periodic 

microstructure, which justifies the use of representative volume element which is 

enough to represent the elastic properties of the whole material. 

More recent study was performed by Riccio et al. [19] who developed a 

representative volume element (RVE) for NCF composites under tension loading 

taking into account the tow’s waviness and the stitching. The classical 

micromechanical theory was used together with the stiffness averaging method. It 

was demonstrated that the exclusion of the tow’s waviness from the model leads to 

a big error of the stiffness comparing to the experimental data. However, the lack of 

stitching in the model is less relevant leading to a small error that can be neglected. 

The stiffness dependence on the tow’s waviness was investigated and it was shown 

that this stiffness strongly depends on it. 

A mesoscopic FE model of the NCF structure was realized by Drapier [20] in order to 

investigate the interlaminar shear behavior of non-crimp fabric composites. The 

geometrical heterogeneity was taken into account. The tow’s crimp was considered 

large enough for the composite to be regarded between the pre-impregnated tapes 

and the woven structures. This waviness was assumed as sinusoidal shaped 

characterized by a wavelength and amplitude. The same assumption was used in 

[21] by Edgren et al. where the authors used Timoshenko beam theory in addition to 

FE to calculate the stiffness of a layer in the NCF composite considered like a single 

curved beam. In addition to this assumption, Mattsson et al. [22] demonstrated that 

the 90°-layer with bundle mesostructure can be replaced by homogenized 90°-layer 

without losing accuracy in the NCF laminate stiffness investigation.  

One more important geometric parameter that should be taken into consideration 

while modelling textile composites, is the inter-strand gap between the bundles, it 

has been demonstrated in [23] that a change in the inter-strand gap width leads to a 

significant modification of the elastic properties (elastic modulus, shear modulus and 
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Poisson’s ratios) because of the change of the fibres volume fraction and the matrix 

volume fraction inside the layers.  

The Damage features in textile composites 

In order to have confidence in the structural integrity of composite components, 

designers must have a good understanding of the effect of stress concentrations 

which lead to the damage. Studies of initiation of cracks, their growth characteristics 

and their effect on the laminate properties belong to an active field of study called 

damage mechanics, playing a central role in the assessment of durability and 

damage tolerance of composite structures. 

Composite structures can undergo multiple micro-cracks before losing ability to carry 

the design loads. The damage mechanisms occurring in textile composites are 

basically the same as in pre-impregnated tape based composites. It mainly consists 

of matrix cracking, delamination and fibres fracture [24] presented in Figure 5. 

 

Figure 5. Damage mechanisms in laminates [24] 

Matrix crack (Intralaminar cracking) 

The stiffness and strength of fibre reinforced composites are higher in the 

longitudinal direction than in the transverse one. In addition, the stiffness of the 

reinforcing fibres is significantly higher than the matrix material. Thus, stress 
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concentrations occur in the matrix when a ply is loaded in the transverse direction. 

The stresses at which the failure occurs in off-axis ply are lower than that of plies 

aligned in the loading direction. In the off-axis plies, the cracks develop and run 

parallel to the fibres direction. These cracks are usually the first mode of damage in 

fibre-reinforced composites. Such cracks are caused by tensile loading, fatigue 

loading, as well as by changes in temperature or by thermal cycling. Matrix cracks do 

not cause a total failure of the composite, but may lead to significant degradation of 

the elastic properties and to appearance of other damage modes. An example of 

matrix crack is presented in Figure 6. 

 

Figure 6. Matrix crack [25]. 

Delamination (Interlaminar cracking) 

The delamination is a longitudinal crack in the interface between two adjacent plies. 

Its propagation leads to the separation of the layers. This mode of damage causes 

rapid deterioration of mechanical properties and the total failure of the composite 

structure. An example of delamination is presented in Figure 7 where it shows that it 

is starting from the matrix crack tip.  

 

Figure 7. Delamination starting from a matrix crack tip [25] 
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Fibre breaks 

As its name says, it is the breaking of the fibres oriented parallel to the loading 

direction. In a unidirectional composite loaded in tension along the longitudinal 

direction, the fibres fail at their weak points and stress redistribution between fibres 

and matrix occurs, affecting other fibres and breaking more of them. An example of 

broken fibres is presented in Figure 8. 

 

Figure 8. Broken fibres [25] 

Damage can occur in the textile composites at different length scale, either on the 

micro scale or on the meso scale. Figure 9 represents the different types of cracks 

occurring within the fibre bundles after a tensile test. 

 

Figure 9.  Schematic showing the four crack types observed in NCF cross-ply 

laminates    refers to crack densities of the different type of cracks [26]. 

The maximum cracks density is inversely proportional to the ply thickness [27]. 
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The longitudinal cracks presented in Figure 10 can appear either within the bundle or 

at the bundle-matrix interface. They occur along the loading direction and they 

appear at high strains. This type of cracks almost never occurs in composites with 

uniform fibre distribution [26-27]. 

 

Figure 10.  Micrograph of novel longitudinal cracks occurring in the 90°layer of the 

NCF cross-ply laminate [26] 

Figure 11 shows some whole cracks which extend from one 0°layer to another 

through two neighbouring 90°fibre bundles [26]. 

 

Figure 11.  Examples of whole cracks running through two neighbouring 

90°fibre bundles of the cross-ply NCF laminate [26] 

Figure 12 shows the half cracks which are contained in a single 90° fibre bundle 

without connection with others existing in adjacent fibre bundles. This is the first 

type of cracks to occur in NCF composites [26]. 
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Figure 12.  Examples of half cracks in 90°fibre bundles of the cross-ply NCF laminate 

[26] 

Figure 13 shows double cracks which are a combination of half crack and 

longitudinal crack. They occur within a single fibre bundle [26]. 

 

Figure 13.  Examples of double cracks in single 90° fibre bundles of the cross-ply NCF 

laminate [26]. 

The same type of cracks were also characterized and studied by John et al. [28] in 3D 

woven Fabric. 

Edgren et al. demonstrated in [26] that the amount of whole cracks found in NCF 

composites is small and doesn’t exceed 0.25cr/mm. The half cracks are more 

abundant than whole cracks and appear earlier. But their effect on stiffness 

degradation is moderated in NCFs comparing to the pre-impregnated tape based 

composites. It was proved that the 90° layer’s damage doesn’t have an important 

effect on the Young’s modulus which decreases slightly, since the laminate modulus 

is mainly controlled by the 0° non-damaged laminate. However, it has a strong effect 
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on the degradation of the Poisson’s ratio because the transverse cracks increase the 

strain in the load direction and reduce contraction in the transverse direction. The 

appearance of the new longitudinal cracks was explained by the stress concentration 

caused by the forced straightening of the 0° fibre bundles in tension. 

The complexity in geometry of the damage and its quantification has made the 

progress in studying the effect of the damage accumulation on the mechanical 

properties in textile composites slower than in composites with uniform fibres 

distribution. 

Gao et al. [29] have studied the relationship between the mechanical properties and 

the damage accumulation in woven fabric laminate under quasi-static loading. The 

shear lag analysis, originally derived for the pre-impregnated tape based laminate, 

was employed for idealized laminate replacing the woven one (Figure 14), since in 

the studied eight-hardness satin fabric, the inter-crimp distance is quite large. It has 

been demonstrated that the Young’s modulus is affected little with the accumulation 

of matrix cracks and crimp delaminations until the saturation of the crack density. 

The Poisson’s ratio was much more sensitive to the damage.  

 

 Figure 14.  Idealization of two layer woven fabric laminate [29] 

Lomov et al. [30] presented an experimental methodology to study the initiation and 

development of damage in textile composites in tension test, which was applied to 
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different textiles: woven and NCFs. This methodology is based on full field strain 

measurement for studying the strain map, on a X-Ray inspection for studying the 

cracks placement, orientation and their length distribution, on a C-Scan for the 

damaged samples in order to study the damage extend and periodicity and finally on 

SEM for micro-characterization of damage. 

The damage pattern in NCF composites was studied in [31], it was demonstrated 

that the cracking occurs periodically showing that there is a relation between the 

stitching and the damage pattern. 

During the service life, the composite materials are not only exposed to mechanical 

loading but also to thermal loads. In [32], the effect of accelerated aging condition 

on woven fabric composite was analysed. A glass fibres eight-hardness satin weave 

with two different epoxy matrices (120°C and 180°C) was studied. When the fibres 

are protected with better matrix they are less sensitive to the thermal aging effect 

and they have better performance under mechanical loading. 

Composites at high temperature 

The performance of a composite material can vary dramatically at high temperatures 

which can result in changes in morphology, strength and stiffness. The most 

frequently encountered hot environment in the widespread aerospace industry is 

that found inside an engine, where an array of temperature condition can exist. It is 

of interest to replace metallic components (such as those made of titanium and 

aluminium alloys) in jet engines with composite materials. This is achievable with 

relative ease in some areas, such as near the engine inlet. 

The matrix is of great importance since this constituent is most affected with the 

elevated temperatures and dictates the material’s response. The common epoxy 

reaches a maximum service temperature of about 170°C. For higher temperature 

applications it is replaced with polyimides (service temperature around 250-300°C) 

[33]. 



14 

 

The long exposure to high temperatures can lead to degradation of the material and 

change in its properties over time, this process is referred to as “aging” which can be 

categorized by three primary mechanisms: chemical, physical and mechanical. The 

interaction (if any) between these areas is highly dependent on two variables: 

material characteristics and aging environment [34]. 

The Chemical aging is related to irreversible changes in the polymer chain/network 

through mechanisms such as cross-linking or chain scission. Chemical degradation 

mechanisms include thermo-oxidative, thermal and hydraulic aging. At typical 

polymer composites operating temperatures, cross-linking and oxidation are the 

dominant chemical aging mechanisms. Thermo-oxidative degradation becomes 

increasingly important as the exposure temperature and time increase. Frequently, 

chemical aging results in an increase in cross-linking density that can lead to 

changing in material densification and increases the Tg, which in turn will influence 

the mechanical properties such as strength and stiffness [34-35]. 

Physical aging occurs when a polymer is rapidly cooled below its Tg, and the material 

evolves toward thermodynamic equilibrium. This evolution is characterized by 

changes in the free volume, enthalpy and entropy of the polymer and will produce 

measurable changes in the mechanical properties. The physical aging is responsible 

for changes over time of modulus, strength and ductility for polymers in the glassy 

range. Since most polymer composite structures are used in the glassy range of the 

polymer matrix, physical aging has an important impact on the long term durability 

of composites used in applications [34, 36-38].  

Mechanical degradation mechanisms are irreversible processes that are observable 

on the macroscopic scale. These degradation mechanisms include matrix cracking, 

delamination, interface degradation, fibre breaks and inelastic deformation and thus 

have a direct effect on engineering properties such as stiffness and strength. If the 

stress in a material is too high, its response is no longer elastic i.e. plastic. This limit 

stress level is called the elastic limit. The strain that remains after removal of the 

stress is called the inelastic strain or the plastic strain. Plastic strain is defined as 
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time-independent although some time-dependent strain is often observed to 

accompany plastic strain. 

I some cases, mechanical degradation mechanisms dominate only after chemical or 

physical aging mechanisms have altered the polymer properties. For example, 

thermo-oxidative stability is a problem with many thermoset materials and often 

leads to matrix cracks along surfaces and edges exposed to the environment. Once 

these cracks occur, they then serve as initiation sites for extensive crack growth from 

subsequent mechanical loading. Once the crack starts to grow, the longer cracks 

provide additional surface area for thermo-oxidative degradation and hence 

additional sites for new crack growth [34,39]. 

The thermo-oxidative degradation of many materials occurs from the surface 

inward. Therefore, thinner samples should reflect the effect of thermo-oxidative 

degradation more rapidly than thicker samples. For continuous fibre composites, 

these effects are complicated by the transversely isotropic nature of the material, 

which can lead to degradation rates that vary according to the differences in the 

laminate surfaces and ply orientation [34,40]. 

The indicators that monitor thermo-oxidative degradation are outlined below: 

Weight: Initial weight loss of a polymer exposed to a thermo-oxidative environment 

may occur due to loss of moisture and residual volatiles and is not related to polymer 

breakdown. Usually, after several hundred hours of exposure, the sample weight 

stabilizes and any additional weight loss is indicative of thermo-oxidative 

degradation [34, 41,42]. 

Physical changes: Optical measurements of changes in colour, surface texture, and 

crack density can be indicators of thermo-oxidative degradation [34,43]. 

Glass transition temperature Tg: Changes in Tg are frequently observed by dynamic 

mechanical analysis (DMA). Usually an increase in Tg suggests chain extension or 

network cross-linking. A decrease in Tg in normally associated with chain scission 

[34].  
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Mechanical properties: Most residual properties such as tension strength, 

compression strength and stiffness do not make good indicators of thermo-oxidative 

degradation early in the aging process. However, more subtle mechanical properties 

such as fracture toughness and plasticity are sensitive indicators of short term aging 

owing to their dependence on matrix dominated behaviour [34]. 
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Summary of appended papers 

The assumptions mentioned in the introduction helped for the NCF modeling in the 

present study. The objective of the first part of this work is to realize a model for the 

NCF composite mesostructure in the attempt to investigate the effect of the 

waviness on the stiffness reduction. Moreover, the stiffness calculation methods of 

the complex geometry are explained and justified and finally, the different 

geometrical parameters changes are taken into consideration and included in the 

calculation.  

For this purpose, the modeling is performed through different length scales (See 

Figure 15). Starting with the micro scale modeling, the fiber with transversely 

isotropic properties is embedded in the matrix with isotropic properties forming a 

micromechanics model for a unidirectional composite.  This model has certain fibers 

content and fibers are assumed hexagonally packed [44]. 

 

Figure 15. Modeling stiffness properties for non-crimp fabric composites using multi-

scale analysis [44] 

The elastic properties of the unidirectional composite are used as input in the second 

level of modeling. The 0°-tows and the 90°-bundles are considered as homogenized 

transversely isotropic material. The meso scale modeling of cross ply NCF composite 

is realized by following a sinus shaped functions for the geometry and by modeling a 
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representative unit cell (RUC) that can represent a part of the structure after 

applying symmetry conditions (see Figure 16).  

 

Figure 16.  A cross ply NCF composite with mid-plane symmetry, the representative 

unit cell is marked by dashed line [45] 

The stiffness of NCF composite is calculated using FE method. It is shown that it 

strongly depends on the geometrical parameters: the waviness’s amplitude and 

wavelength. The classical laminate theory cannot be directly applied to a curved 

cross ply NCF structures to calculate their axial stiffness, contrarily to the flat 

laminate where classical laminate theory can be reduced to a simple rule of mixture 

combining stiffness matrices of all layers. It is demonstrated in this thesis that 

classical laminate theory can be applied to calculate the NCF composite stiffness by 

replacing the curved structure with idealized straight one using what we called 

“effective stiffness” for each layer, the problem remains the determination of the 

effective stiffness for all amplitudes and wavelengths. 

Two approaches are developed in this work and are presented in two separate 

papers:   

In paper A, a single curved 0°-tow is modeled and is subjected to periodic distributed 

load as boundary conditions together with symmetry conditions in order to 

reproduce its interaction with the neighboring layers (in our case the 90°-layer). The 

local stress distribution at the interface between the layers in NCF composite is 

investigated. It is shown that the normal and shear stresses are changing according a 

sinus shaped functions. The same kind of function used in the geometry modeling is 
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used to fit the stresses as a function of the coordinate. The fitting expressions can be 

used when applying boundary conditions in analytical models to calculate the 

effective stiffness of the 0°-tow. The distributed load is deduced from the stresses 

expressions and considered as adequate boundary conditions which lead to an 

accurate calculation of the effective stiffness of the curved 0°-tow that can be used 

in classical laminate theory to find the NCF composite stiffness for any given 

amplitude and wavelength of the waviness.  

In Paper B, a new approach called “Master curve approach” is developed for 

determining the effective stiffness of the 0°-tow for any geometric parameters of the 

waviness. It is shown that the curve of the stiffness degradation for a given 

wavelength versus amplitudes can be considered as master curve for a 0°- tow with 

different wavelength. A simple fitting expression can be found for the master curve 

considered for a small wavelength. The fitting expression contains only one unknown 

fitting constant which depends only on the elastic properties of the material. 

In both approaches, it is demonstrated that the 90°-tow’s effective stiffness can be 

taken equal to the transverse properties of the unidirectional material without 

having significant error on the result of the NCF stiffness calculation using classical 

laminate theory and effective stiffness for the 0°-tow determined either from the 

“Boundary Condition” approach or from the “Master Curve” approach. 

In Paper C, the analytical expression for the knock-down factor based on the FE-

analysis is developed to take into account the dependence on the wavelength as 

well. The presence of waviness in the neighbouring layers is accounted for and used 

to describe the effect of the local amplitude and wavelength of the 0°-layer on the 

effective stiffness of the layer in concern. Rule of mixtures and constant force 

assumptions are used when appropriate to find the macroscopic stiffness. Analytical 

modelling is in a good agreement with FEM. 
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An alternative approach is suggested where one equivalent meso- cell represent the 

macro-stiffness of the NCF composite. Methods for geometrical parameter 

determination of the equivalent meso-cell are discussed. 

In Paper D, Carbon fibre T650 8-harness satin weave fabric composites with 

thermosetting polyimide resin designed for high service temperatures are solidified 

at 340°C. High thermal stresses develop after cooling down to room temperature, 

which lead to multiple cracking in bundles/layers of the studied quasi-isotropic 

laminates. The composites were subjected to two ramps of thermal cycling 

quantifying the increase of crack density in layers. Comparison of two ramps with the 

same lowest temperature shows that the highest temperature in the cycle has a 

significant effect on thermal fatigue resistance. During thermal aging tests at 288°C 

the mechanical properties are degrading with time and the crack density versus 

aging time was measured. Aging and fatigue effects were separately analysed 

showing that part of the cracking in thermal cycling tests is related to material aging 

during the high temperature part of the cycle. Numerical edge stress analysis and 

fracture mechanics were used to explain observations. 

In Paper E, the intra-bundle cracking due to tensile transverse thermal stresses was 

observed in the studied [(+45/-45)/(90/0)]2s laminates. Thermal aging at 288°C for 40 

days caused many new cracks. Both aged and not aged specimens were tested in 

uni-axial quasi-static tension quantifying damage development. Differences and 

similarities in cracking in different layers were analysed using probabilistic 

approaches (simple non-interactive as well as Monte Carlo simulations). It is shown 

that cracking in off-axis layers not being in contact with the 90°-layer can be 

predicted based on Weibull analysis of the 90°-layer, whereas in layer which is in 

contact with the 90°-layer the crack density is much higher due to local stress 

concentrations caused by cracks in 90°-layer. The thermal treatment degraded 

cracking resistance in the surface layer and in the next layer whereas failure 

resistance of layers close to the mid-plane did not change. 

 



21 

 

References 

[1] Varna J, Berglund LA. Mechanics of fiber composite materials-micromechanics, 

laminate theory and failure analysis. Division of Polymer Engineering. Luleå 

University of Technology.  

[2] Mattsson D, Joffe R, Varna J. Damage in NCF composites under tension: effect of 

layer stacking sequence. Fracture of composite materials 2008; 75(9):2666-2682. 

[3] Mattsson D. Mechanical performance of NCF composites. Doctoral thesis, Luleå 

University of Technology 2005. 

[4] Carmisciano S, De Rosa IM, Sarasini F, Tamburrano A, Valente M. Basalt woven 

fiber reinforced vinylester composites: Flexural and electrical properties. Materials 

and design 2011; 32: 337-342. 

[5] Hogg PJ, Ahmadnia A, Guild FJ. The mechanical properties of non-crimped fabric-

based composites. Composites 1993; 24 (5): 423-432. 

[6] Hogg PJ, Woolstencroft DH. Non-crimp thermoplastic composite fabrics: 

aerospace solutions to automotive problems. 7th Ann ASMIESD advanced composites 

conference Detroit 1991: 339-349. 

[7] Mounitz AP, Leong KH, Herszberg I. A review of the effect of stitching on the in-

plane mechanical properties of fiber-reinforced polymer composites. Composites 

Part A 1997; 28: 979-991. 

[8] Mattsson D, Joffe R, Varna J. Methodology of characterization of internal 

structure parameters governing performance in NCF composites. Composites Part B: 

Engineering 2007; 38: 44-57. 

[9] Barkanov E. Introduction to the finite element method. Institute of materials and 

structures, Faculty of civil engineering, Riga Technical University 2001. 



22 

 

[10] Ritz W. über eine neue metode zur lösung gewisser variations problem der 

matematischen physik.  Journal für die reine und angewandte Mathematik 2009; 

1909(135): 1-61.   

[11] Tan P, Tong L, Steven GP. Modeling for predicting the mechanical properties of 

textile composites- a review. Composites Part A 1997; 28A: 903-922. 

[12] Naik NK, Shembekar PS. Elastic behavior of woven fabric composites: I-Lamina 

analysis. Journal of composite materials 1992; 26: 2197-2225. 

[13] Shembekar PS, Naik NK. Elastic behavior of woven fabric composites: II-

Laminate analysis. Journal of composite materials 1992; 26: 2226-2246. 

[14] Naik NK, Shembekar PS. Elastic behavior of woven fabric composites: III-

Laminate design. Journal of composite materials 1992; 26: 2523-2541. 

[15] Ishikawa T, Chou T. Elastic behavior of woven hybrid composites. Journal of 

composite materials 1982; 16: 1982, 2-19. 

[16] Ishikawa T, Chou T. One dimensional micromechanical analysis of woven fabric 

composites. AIAAJ 1983; 21: 1714-1721. 

[17] Ishikawa T, Chou T. Stiffness and strength behavior of woven fabric composites. 

Journal of materials science 1982; 17: 3211-3220. 

[18] Byström J, Jekabsons N, Varna J. An evaluation of different models for 

prediction of elastic properties of woven composites. Composites Part B 2000; 31: 7-

20. 

[19] Tessitore N, Riccio A. A novel FEM model for biaxial non-crimp fabric composite 

materials under tension. Computers and structures 2006; 84: 1200-1207. 

[20] Drapier S, Wisnom MR. A finite element investigation of the interlaminar shear 

behavior of non-crimp-fabric-based composites. Composites Science and Technology 

1999; 59: 2351-2362. 



23 

 

[21] Edgren F, Asp LE. Approximate constitutive model for non-crimp fabric 

composites. Composites Part A 2005; 36: 173-181. 

[22] Mattsson D, Varna J. Average strain in fiber bundles and its effect on NCF 

composite stiffness. Journal of Engineering Materials and Technology 2006; 129: 

211-219.  

[23] Kim M., Song J. Geometry effect on mechanical properties of woven fabric 

composites. Journal of Central South University of Technology 2011; 18: 1985-1993. 

[24] TamiStinchcomb WW., Reifsnider KL. Fatigue damage mechanisms in composite 

materials. Fatigue mechanisms, ASTM STP 675. Philadelphia, PA: American Society 

for Testing and Materials; 1975. 

[25] Loukil MS. Experimental and numerical studies of intralaminar cracking in high 

performance composites. Luleå University of Technology doctoral thesis 2013; 4. 

[26] Edgren F., Mattsson D., Asp LE., Varna J. Formation of damage and its effects on 

non-crimp fabric reinforced composites loaded in tension. Composites Science and 

Technology 2004; 64: 675-692.  

[27] Marklund E., Asp LE., Varna J. Modeling stiffness and strength of non-crimp 

fabric composites semi-laminar analysis. In: Lomov SV (ed). Non-crimp fabric 

Composites: manufacturing, properties and application 2011; 17: 403-438. 

[28] John S., Herszberg I., Coman F. Longitudinal and transverse damage taxonomy I 

woven composite components. Composites Part B 2001; 32: 659-668.  

[29] Gao F., Boniface L., Ogin SL., Smith PA., Greaves RP. Damage accumulation in 

woven-fabric CFRP laminates under tensile loading: Modeling the effect of damage 

on macro-mechanical properties. Composites Science and Technology 1999; 59: 137-

145. 

[30] Lomov SV., Ivanov DS., Truong TC., Verpoest I., Baudry F., Vanden Bosche K., Xie 

H. Experimental methodology of study of damage initiation and development in 



24 

 

textile composites in uniaxial tensile test. Composites Science and Technology 2008; 

68: 2340-2349.  

[31] Mikhaluk DS., Truong TC., Borovkov AI., Lomov SV., Verpoest I. Experimental 

observations and finite element modeling of damage initiation and evolution in 

carbon/epoxy non-crimp fabric composites. Engineering Fracture Mechanics 2008; 

75: 2751-2766. 

[32] Scida D., Aboura Z., Benzeggagh ML. The effect of ageing on the damage events 

in woven-fiber composite materials under different loading conditions. Composites 

Science and Technology 2002; 62: 551-557. 

[33]Mangalgiri PD. Polymer matrix composites for high temperature applications. 

Defence Science Journal 2005; 55 (2): 175-193. 

[34] Gates T. The physical and chemical ageing of polymeric composites. In Ageing of 

Composites, Editor: Martin R. Elsevier 2009: 3-29 

[35] Kampf G. Characterization of plastics by physical methods. Munich, Hanser 

Publishers 1986. 

[36] Struik LCE. Physical aging in amorphous polymers and other materials. New 

York, Elsevier Scientific Publishing Company 1978. 

[37] Mckenna GB. On the physics required for the prediction of long term 

performance of polymers and their composites. Journal of Research of the National 

Institute of Standards and technology 1994; 99 (2): 169-189. 

[38] Hitchinson JM. Physical aging of polymers. Progress in Polymer Science 1995; 

20: 703-760. 

[39] Lévêque D., Schieffer A., Mavel A., Maire JF. Analysis of how thermal aging 

affects the long-term mechanical behavior and strength of polymer matrix 

composites. Composites Science and technology 2005; 65: 395-401. 



25 

 

[40] Boukhoulda BF., Adda-Bedia E., Madani K. The effect of fiber orientation angle 

in composite materials on moisture absorption and material degradation after 

hygrothermal ageing. Composite structures 2006; 74: 406-418. 

[41] Colin X., Marais C., Cochon J.L., Verdu J. Kinetic modeling of weight changes 

during the isothermal oxidative ageing of bismaleimide matrix. In Recent 

Developments in Durability Analysis of Composite Systems 2000: 49-54. 

[42] Schoeppner GA., Tandon GP., Ripberger ER. Anisotropic oxidation and weight 

loss in PMR-15 composites. Composites Part A 2007; 38: 890-904. 

[43] Lafarie-Frenot MC. Damage mechanisms induced by cyclic ply-stresses in 

carbon-epoxy laminates: environmental effects. International Journal of Fatigue 

2006; 28: 1202-1216. 

[44] Marklund E, Varna J, Asp LE. Modelling stiffness and strength of non-crimp 

fabric composites: semi-laminar analysis. Non-crimp fabric composites: 

manufacturing, properties and applications edited by Stepan V.Lomov 2011; 17: 402-

438. 

[45] Edgren F, Mattsson D, Asp LE, Varna J. Formation of damage and its effects on 

non-crimp fabric reinforced composites loaded in tension. Composites Science and 

Technology 2004; 64: 675-692. 

 

 

 

 

 

 

 



26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 

 

 

 

 

 

 

 

Paper A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Paper A 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 

 

Effective stiffness of curved 0⁰-layers for stiffness 

determination of cross-ply non-crimp fabric composites 

H. Zrida1,2, E. Marklund1,3, Z. Ayadi2 and J. Varna1,* 

1 Division of Materials Science, Luleå University of Technology, SE-971 87 Luleå, 

Sweden 

2 Institut Jean Lamour, Ecole Européenne d’Ingénieurs en Génie des Matériaux, 6 Rue 

Bastien Lepage, 

F-54010 Nancy Cedex, France 

3 Swerea SICOMP, SE-431 22 Mölndal, Sweden 

*Corresponding author (Janis.Varna@ltu.se) 

Abstract 

The effect of the 0⁰-tow waviness on axial stiffness of cross-ply non-crimp fabric 

(NCF) composites is analyzed using multiscale approach. The curved 0⁰ and 90⁰-

layers are represented by flat layers with effective stiffness properties and classical 

laminate theory (CLT) is used to calculate the macroscopic stiffness. The effective 0⁰-

layer stiffness is calculated analyzing isolated curved 0⁰-layers subjected not only to 

end loading, but also to surface loads. The surface loads are identified in a detailed 

FE-analysis and approximated by a sinus shaped function with amplitude depending 

on the waves parameters. The sinus shaped surface loads are then applied to an 

isolated curved 0⁰-layer FE-model together with end loading to calculate the 

effective stiffness of the layer. Finally, the effective 0⁰-layer stiffness was successfully 

used to calculate the macroscopic stiffness of the composite proving validity of the 

approach being used and showing that, without losing accuracy, elastic properties in 

the 90⁰-layers with bundle structure can be replaced by the transverse stiffness of 

the homogenized 90⁰-layer material. 

Keywords: Waviness, non-crimp fabric (NCF), boundary conditions, effective 

stiffness, classical laminate theory (CLT) 
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1. Introduction  

Due to high material costs and sensitivity to out-of-plane loads (e.g. impact damage) 

of prepreg tape based composites, new manufacturing methods and material 

architectures based on dry preforms have been employed in the last decade 

producing civil aircraft primary structures. Non-crimp fabric (NCF) reinforced 

composites are particularly attractive due to their relatively high performance with 

less drop in in-plane properties compared to traditional woven architectures, 

reasonable cost and ease of handling during manufacture. As a result there is a 

strong interest among aircraft manufacturers and within other sectors such as wind 

energy and automotive industry, to use NCF based composites in primary structures. 

NCF composites are manufactured from layered textile preforms consisting of fiber 

bundles with a certain orientation assembled by warp-knitted threads [1]. This 

production technique allows for substantial reductions in production costs compared 

to prepreg tape based materials. In addition improvements in damage tolerance as 

well as out-of-plane fracture toughness have been reported [2-4]. During composite 

manufacture, preforms are stacked in a mold and infiltrated by a thermoset resin to 

form the composite. Thus an NCF composite is created which is heterogeneous not 

only on microscale (fibers and resin) as for prepreg based composites, but also on 

mesoscale due to the appearance of distinct fiber bundles and resin pockets. The 

described heterogeneities on two very different length scales allow for 

homogenization of properties.    

Ideally, NCF composites would consist of perfectly aligned fiber bundles where the 

size of each bundle is determined by the stitching procedure. However, due to the 

complex manufacturing technique, NCF composites have both in- and out-of-plane 

waviness of the bundles which reduces the in-plane stiffness. In [5,6] experimental 

data regarding the measured out-of-plane waviness are discussed, and the waviness 

in terms of sinusoidal shape was used in a 2D FE-model of a composite with periodic 

structure in the thickness direction and a biaxial NCF as a repeating unit cell (RUC) in 

order to study the effect of the parameters defining the 2D mesoscopic model on the 
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NCF compressive strength. It has been shown that the NCF compressive strength is 

controlled by the 0⁰-tow geometrical instability and by the resin shear plastic flow. 

In the sense of the out-of-plane waviness the architecture of real NCF composite 

described above and shown in Figure 1a has similarities to woven fabric composites, 

see Figure 1b. Therefore, methods and theoretical models for woven fabric 

composites [7] have been applied also for NCF composites. For woven composites 

Ishikawa and Chou [8, 9] proposed the mosaic and fiber undulation models.  In these 

models, an assumed representative volume element (RVE) is divided into 

infinitesimal strips and the classical laminate theory (CLT) is used to calculate elastic 

properties of the strip. The mosaic model disregards the waviness of the bundle 

whereas the fiber undulation model also includes the waviness. In [10], the 3D RVE 

consists of flat matrix pockets as well as in-plane and interlaced bundle regions. The 

iso-strain assumption was used in the in-plane directions and constant stress 

assumption in the out-of-plane direction. 

 

Figure1. Edge view of the mesostructure: (a) NCF composite (b) Woven 

composite 

Similar analytical models have been applied to NCF composites in [11, 12]. In [13] 

the stitching thread was included in the analysis. Stiffness expressions for NCF 

composites assembled by a warp knitting procedure were presented in [14] using 

the manufacturing parameters as input. In [15] the reduced volume fraction of the 

bundle and matrix due to the distortion created by the stitching yarn was analyzed. 

The reduced volume fraction was then used together with CLT to predict the 
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mechanical properties of the laminate. Super-elements containing all details of the 

NCF architecture that necessarily requires numerical methods were introduced in 

[16]. More complex semi-analytical approaches are presented in [17, 18].  

A different approach is using the assumption that the NCF composite stiffness 

problem can be reduced to CLT problem for laminate with “effective” elastic 

properties of layers. The effective stiffness is calculated considering an isolated 

curved beam (bundle, layer), replacing its interaction with the rest of the composite 

with proper boundary conditions. In [19] the effective modulus was calculated using 

a Timoshenko model for curved beams with different boundary conditions during 

axial loading: “free beam” (no restrictions on z-displacement); “simple support” (zero 

z-displacement in support points); “elastic foundation” represented by one spring 

leading to very similar result as in case with “simple support”. The reduction of the 

effective bundle modulus was described by a knock-down factor. 

Since the results were very sensitive with respect to the boundary conditions, we 

conclude that definition of surface conditions applied to curved tows to obtain 

effective stiffness representative for its behavior in the NCF composite remains an 

unresolved problem. 

The main objective of the presented paper is to develop and validate CLT based 

methodology for axial stiffness calculation of imperfect biaxial NCF composites with 

fiber tow waviness. In this approach the curved tows/layers are replaced by straight 

ones with effective elastic properties. Isolated curved layers with appropriate 

boundaries and end conditions are suggested for effective properties determination. 

To identify what type of surface loads on the isolated curved 0⁰-layer will represent 

its behavior in the NCF composite, FE-analysis of the stress/traction distributions at 

the 0⁰-layer/90⁰-layer interface in the NCF composite are conducted and sinus 

shaped functions are introduced to represent the surface load distribution. This 

approximation is then used in further numerical modeling to calculate the effective 

modulus of the curved 0⁰-layer. It is demonstrated that a CLT based analytical model, 

in which the nominal/average thickness of the 90⁰-layer, the effective stiffness of the 
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curved 0⁰-layer and the effective stiffness of the 90⁰-layer with varying thickness are 

used, renders good accuracy. 

It has to be noted that the observed trends and obtained results may be of relevance 

not only for NCF composites with 0⁰-bundle waviness, but also for woven 

composites.  

2. Theoretical background 

One of the approaches to keep relative simplicity and at the same time to account 

for out-of-plane waviness of tows (referred to as “bundle waviness” or “curved 

bundle” in following) is based on the use of an “effective” straight bundle which has 

the effective in-plane stiffness of the curved bundle. In this approach the laminate is 

made of layers containing “effective” bundles. In the next step the “effective” bundle 

structure in a layer is replaced by homogenized material and CLT is used to find the 

macroscopic stiffness.  

The CLT approach for calculating the axial stiffness of the NCF composites is very 

attractive due to its simplicity in application. For a symmetric and balanced laminate 

the macroscopic in-plane stress-strain relationship is 

  
    

    
     

      
     

          (1) 

In (1) direction 1 is the axial (loading) direction. Focusing on the laminate axial 

stiffness element    
     

  we will perform FE numerical analysis for plane strain case 

(    ). In this loading case    
     

 is obtained directly dividing the calculated axial 

average stress by the macroscopic strain applied. The average stress is axial force    

divided by nominal (average) thickness of the laminate  . Hence 
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The laminate stiffness elements are related to the A-matrix of the laminate 
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With    

 
 and    being the effective stiffness matrix of the layer in global coordinates 

and average layer thickness respectively. Using the CLT approach with effective 

layers in a cross-ply NCF composite we obtain 

   
     

    
       

 
    

         

 
        (4) 

   
       

is the effective transverse stiffness of the homogenized 90⁰-layer with 

varying thickness (    is the average thickness),    
      

 is the effective axial stiffness 

of the curved 0⁰-layer. The problem now lies in the correct definition and 

determination of the effective stiffness.   

3. FE modeling 

3.1 Materials 

The fiber bundle and the homogenized layer are considered as unidirectional (UD) 

composites. Their elastic properties were calculated from the assumed fiber and 

matrix properties by using an FE-approach with hexagonal unit cell, as explained in 

[20]. In the bundle case the fiber volume fraction was 0.7. In the homogenized layer 

the fiber volume fraction was always 0.6. The constituent properties used and the 

homogenized layer elastic constants are given in Table 1 for glass fiber and carbon 

fiber composites (GF/EP and CF/EP1). CF/EP2 composite properties were not 

calculated, they are assumed the same as for CF/EP1 except the longitudinal 

modulus which is lower (120GPa). 

In calculations where the 90⁰-layer meso-structure with bundles (Figure 2a) was 

modeled, the shape of the 90⁰-bundle in Figure 2a was changed in order to keep the 

same fiber volume fraction        in the 90⁰-layer for models with different wave 

amplitudes and/or wave length. 
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Table1 elastic constants of constituents and homogenized layers 

 

3.2  Geometry 

In previous studies (e.g. [19]) the 0⁰-bundle waviness was assumed sinusoidal in two 

possible cases: the in- phase case, when the waves of the outer 0⁰-layers are in 

phase, and out of phase case, when the waves of the outer 0⁰-layers are out of 

phase. These are the extreme cases and the real geometry is somewhere in 

between. As a matter of fact in a real composite the RVE is often much larger than 

the wave length of the individual bundle in one blanket: the NCF composite consists 

of several blankets of the fabric with a possible random shift in the horizontal 

directions. Therefore simple repeating units are not a good composite 

representation either in the thickness or in the in-plane directions. If any, then a 

simple model, where the curved 0⁰-layer and the neighboring 90⁰-layer are shown 

explicitly (this is the analyzed unit) and the rest of layers is replaced by effective 

macro-material (laminate), could be acceptable to analyze trends of meso-scale 

stress distributions. 

 

Figure2. NCF composites with (a) and (b) bundle structure and (c) homogenized 90⁰-

layer 
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Models in Figure 2a and 2b represent a 0/90 unit on the NCF composite surface and 

inside the composite, respectively for a particular case of cross-ply NCF composite 

with zero shift between blankets. In this case the stiffness of the unit is the NCF 

composite stiffness and also the stress distributions are representative. Figure 2a 

may be also considered as an approximate representation of the top part of a more 

general NCF composite where response of the rest of the composite is replaced with 

symmetry conditions.   

In this paper the focus is on the 0/90 unit at the composite surface as shown in 

Figure 2a. The thickness of the surface 0⁰-layer is equal to the average thickness of 

the 90⁰-layer,        .The top surface of the 0⁰-layer is traction free. The model 

shown in Figure 2c represents the same unit but with homogenized 90⁰-layer.  

3.3  Mesh and boundary conditions 

The analysis was conducted using the commercial FE software ANSYS14.0. PLANE42 

elements with plane strain assumption were used. Two types of models were 

analyzed:  

a) Individual curved 0⁰-layer , see Figure 3 

b) NCF composite shown in Figure 2a and waved laminate Figure 2c 

The mesh was mapped so that each element’s coordinate system in the 0⁰-layer 

follows the sinusoidal shape of the layer. The area of each layer was meshed with 

quadratic elements with 200 divisions along the model length and 40 divisions along 

the thickness direction. 

The boundary conditions are presented in Figure 2 and Figure 3. For all models, 

symmetry condition is applied along the left vertical boundary and an x-displacement 

is applied along the right vertical boundary. The average strain in x-direction 

introduced by the applied displacement is equal to 1%. An additional symmetry 

condition was applied to the waved laminate along the bottom boundary which is 

the mid-plane of [0, 90]s NCF composite or the interface with the rest of the 

composite in a more general case. 
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An isolated sinusoidal 0⁰-layer with constant thickness subjected to load in x-

direction at ends and different combinations of loads on curved surfaces was also 

analyzed using FE (only half of the wavelength was considered). The boundary 

conditions used analyzing isolated curved 0⁰-layers are shown in Figure 3. In 

addition, for the “free end” 0⁰-layer, the displacement in the z-direction for the 

middle node of the left vertical boundary was set to zero. For the curved 0⁰-layer 

with “fixed ends” the same displacement was zeroed for the first and the last nodes 

along the bottom edge. For the 0⁰-layer on “rigid foundation”, this displacement is 

zero for all nodes belonging to the bottom boundary. Finally, for the model in Figure 

3d, the load was distributed along the bottom surface of the curved 0⁰-layer 

following a sinus shape function. 

 

Figure3. Curved layer subjected to different boundary conditions 

3.4  Meso-scale homogenization 

An important step towards using CLT is replacing the bundle mesostructure of the 

layer with a homogenized layer. In [18] the axial stiffness of a flat layer with bundle 

mesostructure was analyzed showing that without losing accuracy, the 

mesostructure can be replaced by homogenized layer with elastic properties 

corresponding to the average volume fraction of fibers in the layer. The difference 

between the longitudinal modulus of the homogenized layer and the layer with 

bundle mesostructure is extremely small. This result is not surprising since rule of 

mixtures (RoM) is very accurate for longitudinal modulus). It justifies the use of 
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curved 0⁰-layer instead of curved 0⁰-bundles in NCF composite stiffness 

investigation. 

Here we will inspect the validity of the assumption that the bundle structure in the 

curved 90⁰-layer can be replaced by a homogenized curved layer, in other words, we 

will compare the axial stiffness of models in Figure 2a and Figure 2c. In a similar 

investigation Mattson et al. [18] demonstrated that the mesoscale details on the NCF 

laminate stiffness can be neglected for the case with straight 0⁰-bundles. 

In calculations both models (Figure 2a and Figure 2c) have the same fiber content 

0.6 in the 90⁰-layer and             . The change in the amplitude A of the 

waviness does not change the average thickness of the 90⁰-layer. It is equal to the 

thickness when there is no waviness. The z-coordinates of the points which belong to 

the interface are related to the x-coordinate as follows: 

      (
  

 
(  

 

 
))    (   (

   

 
))      (5)      

The results in Figure 4 for different combinations of amplitude and the wave length 

show that the stiffness is just marginally affected by the mesostructure of the 

bundles and the 90⁰-layer homogenization is justified. In the following only the 

model in Figure 2c is analyzed. The possible waviness of this layer is neglected 

because its effect on NCF composite axial modulus, studied here, is small.  

 

Figure4. Axial stiffness comparison between NCF composite with 90⁰-layers bundles 

and composite with homogenized 90⁰-layer 
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4. Numerical analysis 

4.1 Effect of wavelength and amplitude on laminate stiffness 

Results for CF/EP1 laminate with elastic properties in Table 1 are shown in Figure 5a. 

Parameters        are defined in Figure 2c. In this figure    is the thickness of the 

curved 0⁰-layer,     is the average thickness of the homogenized 90⁰-layer, 

        . It is clear that    
     

 is significantly reduced with increasing amplitude 

and decreasing wavelength of the waviness.  

 

Figure 5. Effect of the waviness on the CF/EP1 NCF composite axial stiffness     

   
    

):  (a) Using the FE-model in Figure 3c; (b) CLT with effective stiffness of the 

curved layer according to different boundary conditions 

One can see very large reduction of    
     

with increasing amplitude and decreasing 

wavelength of the waviness. 

4.2  Predictions based on isolated curved layers  

The three curves in Figure 5b showing the laminate stiffness were obtained using (4). 

The effective stiffness of the 0⁰-layer    
     

 was calculated for isolated curved layer 

shown in Figure 3 using FE with boundary conditions a), b) and c). The 90⁰-layer 

effective stiffness was assumed equal to the 90⁰-layer material transverse stiffness 

using data in Table 1. These curves may be compared with direct FE results (symbols 
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in Figure 5b) taken from Figure 5a. The comparison demonstrates the failure of 

these boundary conditions used to give values of 0⁰-layer effective stiffness relevant 

for using in (4).  

4.3  The effective stiffness dependence of the layer on A/t0 and L/t0 

The effective in-plane axial stiffness of the curved layer is lower than the stiffness of 

a straight layer mainly because the fibers are not oriented in-plane. However, as 

shown in [19], the effective stiffness strongly depends also on the interaction with 

the adjacent material (tows of different orientations, resin).  

Calculating    
     

 according to (2) we use the total force    which due to force 

balance is the same in any cross-section. For example, in Figure 2c    
  

       ⁄   is equal to   
         . In other words, using (2) and FE it is not 

important in which cross-section the reaction force is obtained before dividing it 

with the average composite thickness   . 

If instead the CLT based in (4) is used, the effective layer stiffness has to be found 

first. Similarly as was done for the whole laminate stiffness case, we would for this 

purpose divide the calculated force acting on some arbitrary cross-section of the 

layer by its cross-section area and then by the applied strain. However, the force on 

a cross-section of a layer depends on which cross-section we consider. For example 

  
        

         
         

         
        

             (6) 

The numbers    and     in parenthesis indicate the layer under consideration. 

Because of (6) effective layer stiffness calculated on the left and the right edge of the 

model differ 

   
         

          
          

              (7) 

where   
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        (8) 

Due to interaction, layers are not subjected to uniaxial loading and strictly speaking 

the calculated numbers are not stiffness matrix elements. This explains the two 

different values. The situation will be similar analyzing isolated curved layers with 

traction boundary conditions. Therefore, it has to be clarified which layer stiffness 

   
      

and    
      

 to be used in the CLT in (4). 

For this purpose we may formally write that the force is distributed between 0⁰-layer 

and 90⁰-layer according to: 

  
    

        
                 (9) 

  
    

        
                          (10) 

And 

   
    

                           (11) 

Averaging gives: 
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Substituting (12) in (2) and using (8): 
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Comparing (13) with the CLT expression in (4) the correct expressions for effective 

stiffness of layers considering them as “isolated” is given by: 

   
     

 
   

         
     

 
                     (14) 

     
      

 
   

     
     

   
    

     
     

   

 
                    (15) 

Forces for using in (8) were calculated from the model in figure 2c by summing the 

reaction forces acting on the nodes along the corresponding edge of the layer. The 
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reaction force on the node shared by both layers is replaced by half of the reaction 

force of the neighboring node, by analogy with the reaction force on the upper-right 

node in the free upper boundary, which is also equal to half of the reaction force of 

its neighboring node. Figure 6 shows how the effective stiffness of the 0⁰-

layer,   
     

and the effective stiffness of the 90⁰-layer    
      

 decrease due to the 

waviness described by A/t0 for several values of L/t0.The difference between    
      

and    
       calculated on both edges is rather small. In contrast the transverse 

effective stiffness parameters of the 90⁰-layer,    
      and    

      have very 

different trends: one (calculated at    ) is increasing, the other one is decreasing. 

The combined effective stiffness    
      

 calculated according to (15) decreases 

from about 9 GPa to 7 GPa. 

 

Figure6. Axial stiffness for (a) the 0⁰-layer and (b) the 90⁰-layer, CF/EP1 composite 

We can introduce knock down factors for the laminate and the layers by dividing the 

effective stiffness with the stiffness corresponding to a reference case having 

straight tows (A=0). Figure 7 shows for CF/EP1 that for L/t0=10 the decrease in 

composite stiffness is nearly the same as for the 0⁰-layer effective stiffness.  
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Figure7. Comparison between knock down factor of the 0⁰-layer, the 90⁰-layer and 

the laminate 

Apparently the laminate stiffness reduction is dominated by the reduction of the 0⁰-

layer stiffness due to waviness. A simplified form of the laminate stiffness expression 

(4), in which the 90⁰-layer effective stiffness is assumed equal to the 90⁰-layer 

material stiffness may be therefore be motivated: 

   
      

    
                        (16) 

The accuracy of the simplification in (16) will be verified in following calculations. 

4.4 Approximation of tractions at the 0/90-layer interface 

In line with the objectives of this study, the task is to find the effective stiffness of 

the curved 0⁰-layer analyzing an isolated curved layer subjected to relevant 

boundary conditions. These include not only end loads applied to the layer, but also 

surface loading shown as “distributed load” in Figure 3. Only in the presence of 

“distributed load” forces   
      and   

      may differ. 

Knowledge regarding the distributed load is conveniently obtained by analyzing 

stresses at the 0⁰- and the 90⁰-layer interface using FE. The results and the observed 

trends used to define shape functions for the interface stresses from fitting a limited 

number of FE-calculations are presented in this section. The methodology suggested 
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for finding coefficients in these shape functions is described in more detail in 

Appendix. These functions can then be used for curved 0⁰-layer stiffness analysis 

with an arbitrary amplitude or wavelength. 

Local stress distribution at the 0/90-layers interface has been analyzed: The normal 

stress    and the shear stress     were determined in each node along a path on the 

interface. In the FE-analysis those stress components are slightly different on both 

sides of the interface. The value along the path on the interface which is given by the 

code is the average of the stresses calculated for the closest element to the interface 

in the 0⁰-layer and in the 90⁰-layer. In Figure 8, the normal stress    is plotted as a 

function of the normalized distance along the x-axis for different A/t0 and L/t0. The 

curves show large variation of the normal stress along the interface. This stress is 

equal to zero when there is no waviness. The waviness contributes to the 

appearance of tensile normal stress in the left part and compressive normal stress in 

the right part on the interface. The maximum value of the tensile and the 

compressive normal stress is increasing with decreasing L/t0 and with increasing A/t0. 

For simplicity, this behavior was fitted with a sinusoidal function,expression (17), 

with amplitude depending on the waviness parameters and the elastic properties of 

the material. 
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Figure 8.Normal stresses at layer interface in CF/EP1 composite and fitting (a) for 

L/t0=10; (b) for L/t0=25, applied strain 1% 
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In Figure 9, the shear stress      on the interface is plotted as a function of the 

normalized position along the x-axis for different A/t0 and L/t0. In a straight layer 

cross-ply laminate this stress component would be equal to zero. However, the 

rather complex     behavior becomes significant with increasing 0⁰-layer amplitude. 

Calculations on isolated curved layers showed that the significance of the applied 

shear stress on the boundary is small (most important is the normal stress    ), 

justifying the use of the same rough sinus function approximation to fit the shear 

stress in the whole parameter region 
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As one can see in Figure 9a the fitting is obviously not good for small L/t0 and 

sufficient for larger L/t0 (Figure 9b). 

 

Figure 9 Shear stresses at layer interface in CF/EP1 composite and fitting (a) for 

L/t0=10; (b) for L/t0=25, applied strain 1% 

Thus, performing FE-calculations for a limited number of L/t0 and A/t0 cases we can 

find approximate interface stress expressions for a given material to be used for any 

practical combination of these geometrical parameters. 
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The main objective of this part was to find simple expressions for further analytical 

application. The expressions for     and       dependence on L/t0 and A/t0 are given 

in Appendix. 

4.5 Composite stiffness based on effective stiffness of an isolated  0⁰-layer 

with surface loads 

In this subsection we use the calculated and approximated normal and shear stress 

distributions along the layer interface as surface loads in an isolated curved 0⁰-layer 

model shown in Figure 10. The approximate expressions for the normal and the 

shear stresses given in Appendix are used. The surface load is obtained by 

multiplying the stress components by the element length which is assumed equal to 

the distance dx between two neighboring nodes. The calculated load is applied in the 

local coordinate system related to each element on the bottom surface of the curved 

layer. This new boundary condition is introduced in addition to the symmetry on the 

left edge and the displacement applied in the right edge. Since the loading applied to 

the 0⁰-layer is not uniaxial the       
     

 calculated using (14) is, strictly speaking, not 

the axial stiffness. Nevertheless, it represents the curved 0⁰-layer mechanical 

behavior in the composite. 

 

Figure10. Application of distributed load on the 0⁰-layer surface 

In Figure 11, where the calculated effective stiffness of an isolated 0⁰-layer is 

presented together with the effective stiffness of the 0⁰-layer determined from the 
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waved cross ply laminate, see Section 4.3, good agreement between both solutions 

is demonstrated. For the sake of comparison, effective 0⁰-layer stiffness calculated 

using the rest of boundary conditions in Figure 3 is also presented. Effective stiffness 

in the case of fixed/free ends is unrealistically low, while rigid foundation is too high. 

The most accurate results are given by the beam with distributed surface load. Thus, 

the assumption of replacing the interaction between the 0⁰ and the 90⁰-layers in the 

laminate by a distributed load applied to the curved beam is validated. The accuracy 

can be improved by more accurate fitting of the interface stresses; the simplicity can 

be improved by more rough approximation that, probably, would not affect the 

calculated stiffness too much. 

 

Figure11. Effective stiffness of the 0⁰-layer with different boundary conditions 

Finally, CLT, see (4), is used to determine the laminate stiffness utilizing the effective 

stiffness of the curved 0⁰-layer with distributed load, and the effective stiffness of 

the 90⁰-layer. Effective 90⁰-layer stiffness is used in two approximations: a) With 

varying thickness with values from Figure 6b (this requires FE calculations of the 

cross-ply composite); b) using (16), i.e.    
      

    
    (which is not accurate, but 

simple for use).  In Figure 12 to Figure 14 the laminate stiffness is presented as a 

function of A/t0 for different L/t0. In Figure 12a, 13a and 14a the effective stiffness of 

the 90⁰-layer is used whereas in Figures 12b, 13b and 14b the 90⁰-layer with varying 
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thickness is represented by its transverse stiffness    
   calculated using data in Table 

1.These results show good agreement between the analytical CLT approach with the 

effective stiffness of the 0⁰-layer and FE calculation of the laminate stiffness. Very 

small differences in results are seen when the 90⁰-layer effective stiffness is 

represented by its material transverse stiffness, proving that this approximation may 

be used. 

 

Figure12. CLT using effective stiffness compared to FE-analysis for CF/EP1 

 

Figure13. CLT using effective stiffness compared to FE-analysis for GF/EP 



49 

 

 

Figure14. CLT using effective stiffness compared to FE-analysis for CF/EP2 

5. Conclusions   

The effect of the 0⁰-bundle waviness on stiffness of cross-ply NCF composites was 

modeled. Multiscale approach was used by first calculating the homogenized bundle 

material properties from its constituents by using an assumed hexagonal fiber 

packing. The bundle structure of the curved 0⁰-layer and the bundle structure of the 

90⁰-layer with varying thickness are then replaced with homogenized materials. 

Finally, the curved 0⁰-layer and the 90⁰-layer with varying thickness were replaced by 

flat layers with effective stiffness and classical laminate theory was used to calculate 

the macroscopic stiffness. The presented paper focused on the axial macroscopic 

stiffness. 

The macroscopic axial stiffness was expressed through the effective stiffness of the 

curved 0⁰-layer and the effective stiffness of the 90⁰-layer with varying thickness. It 

was shown that the effective stiffness of a layer in the composite can be calculated 

averaging the apparent stiffness, which are on the right and the left edges of the 

layer. These two forces to layer are different due to varying layer thickness and due 

to the interaction between layers resulting in normal and shear stresses at the 0/90-

layer interface. 

Using this approach the effective 0⁰-layer stiffness was calculated analyzing isolated 

curved 0⁰-layer subjected not only to end loading, but also to surface loading. To 
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identify the surface loads to be applied, a detailed FE-analysis of the interface 

stresses was performed. It is concluded that these stresses can be approximated by a 

sinus shaped function with amplitude dependent on the wave length and amplitude 

of the curve normalized with respect to the layer nominal thickness. Fitting 

expressions for the stress amplitude dependence on these layer waviness 

parameters were obtained, and are given in Appendix. 

The described sinus shaped surface loads were applied to isolated curved 0⁰-layer 

FE-model together with end loading showing that the calculated effective stiffness of 

the layer is in good agreement with the effective stiffness of the 0⁰-layer extracted 

from the cross-ply composite analysis. This proves that further efforts are 

meaningful to develop analytical approximate models for curved beams with 

sinusoidal surface tractions. 

Finally, the calculated effective 0-layer stiffness was successfully used to calculate 

the macroscopic stiffness of three different composites proving validity of the used 

multiscale approach. It was also shown that without losing accuracy the effective 

stiffness of the 90⁰-layer (which generally speaking should be calculated numerically 

considering 90⁰-layer with varying thickness and applied surface and end loads) can 

be replaced by the transverse stiffness of the homogenized 90⁰-layer material. 
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7. Appendix A 

Interface stress amplitude approximate dependence on A/t0 and L/t0 

Fitting the interface normal and shear stress with (17) and (18) respectively, the 

stress amplitudes     and       are found. The monotonously decreasing values 

were fitted with the following function 
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Constants determined by fitting 
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The determined values of constants                         for layers made of 

composite materials CF/EP1, CF/EP2 and GF/EP are given in Table A.1.  

Table A.1 Values of constants for fitting maximum value of the interface normal 

stress (      ) 

 

Amplitudes of shear stress are also fitted using the same type of expression:  
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Parameters       ,       and       are described by following functions: 
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                   (A.7) 

The constants for layers made of the different composite materials found by fitting 

are given in Table A.2.  

Table A.2 Values of constants for fitting maximum value of the interface shear stress 

(      ) 
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Abstract 

The effect of 0⁰-tow out-of-plane waviness on the biaxial Non-Crimp-Fabric (NCF) 

composite axial stiffness is investigated. Homogenizing, the bundle mesostructure of 

the NCF composite is replaced by layers. Then the composite is represented by a 

laminate with flat layers with effective stiffness properties representing the curved 

0⁰-layer and the 90⁰-layer with varying thickness. It is shown that the NCF composite 

knock-down factor characterizing the stiffness degradation has almost the same 

dependence on wave parameters as the knock-down factor for the curved 0⁰-layer. 

Numerical analysis showed that 90⁰-layer knock-down factor versus amplitude 

curves for different wavelength can be reduced to one master curve which can be 

described by a one-parameter expression with the parameter dependent on the 

used material. This observation is used to obtain high accuracy for analytical 

predictions for knock-down factors for cases with different wavelength and 

amplitudes based on two FE calculations only.  

Keywords: Tow; Polymer-matrix composites (PMCs); Mechanical properties; 

Laminate mechanics; Finite element analysis (FEA). 
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1. Introduction  

New manufacturing methods and material architectures have been employed over 

the last decade using dry woven or Non-Crimp-Fabric (NCF) preforms and resin 

infusion technologies to manufacture high performance composite materials. A 

complete review of the state of the art in understanding and employing NCF 

composites is given in [1]. NCF composites are manufactured from layered textile 

preforms consisting of distinct fibre bundles with a certain orientation assembled by 

warp-knitted threads [2]. Ideally, NCF based composites would have in-plane 

stiffness similar to prepreg tape based composites. In addition, improvements in 

damage tolerance as well as out-of-plane fracture toughness have been reported [3-

5].  For these reasons, together with the benefit of rational manufacturing 

possibilities, the interest in wind energy, car industry as well as among European 

aircraft manufacturers to use NCF based composites in primary structures is so 

strong. 

Thus a NCF composite is heterogeneous not only on fibre/matrix scale as prepreg 

tape based composites, but also on mesoscale (impregnated fibre bundles and resin 

pockets). Since the bundle scale is much larger than the fibre scale, homogenization 

over the fibre/matrix scale is possible representing the bundle as transversally 

isotropic material. 

Ideally, NCF composites would consist of perfectly aligned fibre bundles where the 

size of each bundle is determined by the stitching procedure. However, NCF 

composites have both in- and out-of-plane waviness of the bundles which reduces 

the in-plane stiffness. The out-of-plane waviness was measured in [6,7]. A sinusoidal 

shape of the waviness was assumed and used in a two-dimensional Finite Element 

(FE) model of the composite that had periodic structure in the thickness direction 

with a biaxial non-crimp fabric as a repeating unit cell. 

Assuming periodic out-of-plane waviness, the architecture of NCF composite has 

similarities to woven fabric composites and therefore methods and models for 

woven fabric composites [8] have been applied for NCF composites as well. For 
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woven composites Ishikawa and Chou [9, 10] proposed the mosaic and fibre 

undulation models. The mosaic model disregards the waviness of the bundle 

whereas the fibre undulation model also includes the waviness. For example in [11], 

the 3-D representative volume element (RVE) consists of flat matrix pockets as well 

as in-plane and interlaced bundle regions. The iso-strain assumption was used in the 

in-plane directions and constant stress assumption was used in the out-of-plane 

direction. Similar models have been applied to NCF composites in [12, 13]. In [14] 

the stitching tread was included in the analysis. Stiffness expressions for NCF 

composites assembled by a warp knitting procedure were presented in [15] using 

the manufacturing parameters as input. In [16] the reduced volume fraction of the 

bundle and matrix due to the distortion created by the stitching yarn was analysed. 

The reduced volume fraction was then used together with classical laminate theory 

(CLT) to predict the mechanical properties of the laminate. Super-elements 

containing all details of the NCF architecture that necessarily requires numerical 

methods were introduced in [17]. More complex semi-analytical approaches are 

presented in [18, 19].  

Another group of models relies on CLT using assumption that the curved bundle with 

out-of plane waviness can be replaced by an “effective” flat layer. In [20] the 

effective modulus was calculated using an analytical model for a curved Timoshenko 

beam, applying several boundary conditions in thickness (z) direction during axial 

loading: “free beam” (no restrictions on z-displacement); “simple support” (zero z-

displacement in support points); “elastic foundation” represented by one spring 

leading to very similar result as in the case with “simple support”. The reduction of 

the effective bundle modulus was described by a knock-down factor. The effect of 

various boundary conditions influencing the effective stiffness were further 

elaborated in [21] where detailed FE-analysis was performed finding that the loads 

on the tow surface have to be accounted for. For sinus-shaped tow they can be 

described by sinus function with amplitude dependent on the wavelength and 

amplitude of the curve.  
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In the presented paper it will be demonstrated that the axial stiffness of a cross-ply 

NCF composite described by knock-down factor is similar to the knock-down factor 

for the curved layer stiffness obtained in the same FE calculation. Then a novel 

“master curve approach” is presented which allows calculating the knock down 

factor of a curved layer of arbitrary wave amplitude and length. The master curve for 

the given NCF composite material is obtained fitting FE knock-down factor values for 

one (preferably relatively short) wavelength and at least two values of amplitude. 

Only one additional FE calculation is required to cover all possible amplitude cases 

for a different wavelength. The curved layer knock-down factor is used to calculate 

the NCF composite knock-down factor. The very high accuracy of this approach is 

demonstrated in comparison with direct FE calculations.  

2. Homogenization 

In the previous study, [21], a two blanket cross-ply NCF’s 0⁰-tow waviness was 

assumed sinusoidal and two possible geometrical configurations were analysed 

numerically: the in-phase case, when the waves of the two outer 0⁰-layers are in 

phase, and the out-of-phase case, when the waves of the outer 0⁰-layers are out of 

phase. These are the extreme cases and in a real composite the RVE is often much 

larger than the wave length of the individual bundle in one blanket because the 

blankets of the fabric are randomly shifted in horizontal directions. In this paper we 

analyse the stiffness of a simple 0/90 unit of the NCF composite. The rest of the 

composite is roughly replaced with symmetry condition. Two units are analysed, a 

unit with a surface 0⁰-layer, see figure 1a and 1b, and another with an embedded 0⁰-

layer, see figure 1c.  The units correspond to a particular case of cross-ply NCF 

composite with zero shifts between blankets.  

Bundles in the NCF composite are considered as unidirectional (UD) composites with 

certain fibre volume fraction and their elastic properties may be calculated using 

hexagonal unit cell as it was explained in [22] or simple rule of mixture based on iso-

strain assumption, Halpin-Tsai expressions etc.  
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Bundles or layers with out-of-plane waviness are referred in following as “curved 

bundles” or “curved layers”. First we assume that the structure of curved bundles in 

a layer may be replaced by homogenized layer with average fibre volume content, 

which is kept 0.6 in the current investigation. The elastic constants of the layers and 

the constituents are given in Table 1 for glass fibre- and carbon fibre- epoxy 

composites (GF/EP and CF/EP).  

Table1 Elastic constants of constituents and homogenized layers  

 

The error introduced by replacing the layer with bundles by homogenized layer has 

been analysed before, for example, in [19] showing that the axial stiffness of a flat 

0⁰-layer does not change significantly if the bundle mesostructure of the 0⁰-layer is 

replaced by homogenized layer with elastic properties corresponding to the average 

volume fraction of fibres in the layer. This result justifies the use of a curved 0⁰-layer 

instead of curved 0⁰-bundles in NCF composite stiffness investigation. The same 

study demonstrated that the 90⁰-layer meso-scale details on the NCF laminate 

stiffness can be neglected in cross-ply NCF with straight 0⁰-bundles and constant 

90⁰-layer thickness. The validity of the assumption that in NCF composite with 

curved 0⁰-layer the 90⁰-layer bundle structure can be homogenized (“smeared out”) 

was checked in [21] comparing axial stiffness of models in figure 1a and figure 1b 

with sinusoidal shape of the waviness. 

In calculations both models had the same fibre content. Changing the amplitude A of 

the waviness the average thickness of the 90⁰-layer was not changed.  The results 

showed that the stiffness is just marginally affected by the mesostructure of the 

bundles and the 90⁰-layer homogenization is justified.  



62 

 

In the next step the CLT approach to NCF composite stiffness calculation is adapted, 

replacing the curved layer with a straight layer which has the “effective” in-plane 

stiffness of the curved layer. Thus, the laminate is made of “effective” layers.  

 

Figure1. NCF composites units (a) surface 0⁰-layer with bundle structure (b) surface 

0⁰-layer with homogenized 90⁰-layer (c) embedded 0⁰-layer with homogenized 90⁰-

layers. 

3. Theoretical background 

The CLT approach for calculating the axial stiffness of the NCF composite specimen is 

very attractive due to its simplicity in application. First, following the discussion in 

Section 2, the bundle structure is replaced by laminate with homogenized layers: 

curved   -layer and     - layer with varying thickness. The stiffness elements of a 

laminate with zero waviness and constant thickness layers      
     are related to the 

A-matrix (extensional stiffness matrix) of the laminate     
     

   
       

    ⁄        
    ∑  ̅  

  
             (1)  

For the laminate with curved layers and varying ply thickness, representing the NCF 

composite, the stiffness matrix is    
   . This matrix can be calculated using FE 

method as described at the end of Section 3. We suggest an alternative approach 

where the curved   -layer and     - layer with varying thickness are replaced with 

flat layers having effective stiffness, so that CLT can be used and 

    
       

    ⁄       
    ∑  ̅  

      
           (2) 
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with    

     
,    and    being the effective stiffness matrix of the layer in global 

coordinates, average layer thickness and average laminate thickness respectively. 

The key issue in this approach is accurate determination of the effective stiffness. 

For the axial stiffness of a cross-ply laminate and the NCF composite analysed in this 

paper the following relations are obtained: 

   
       

   

 
    

     

 
            (3) 

   
       

       

 
    

         

 
          (4) 

Where    
       

is the effective transverse stiffness of the homogenized 90⁰-layer 

with varying thickness (    is the average thickness) and     
      

 is the effective axial 

stiffness of the curved 0⁰-layer.  

The stiffness knock-down factors for the 0⁰-layer, for the 90⁰-layer and for the NCF 

composite (represented by laminate) are introduced as follows 

   
   

     

   
        

   
      

   
         

   
   

   
         (5) 

The effective stiffness for the curved layers will be lower than the stiffness of flat 

layers. Thus, the knock-down factor is a parameter that describes the stiffness 

reduction due to the waviness. 

Combining (4) and (5) gives 

   
             

   

 
       

     

 
            (6) 

Using (3) to replace    
  , (6) can be rearranged in the form 

                          
   

     

   
    

      (7)

  

The second term in (7) depends on the layer stiffness and thickness ratio and on the 

difference between the knock-down factors for the 0⁰- and 90⁰-layer. Results 

presented in Section 5 show that this term can be neglected without introducing any 
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noticeable error. Certainly, to find these knock-down factors, we have to start with 

proper definition and methodology for determination of the effective stiffness. 

The axial stiffness    
    of symmetric and balanced NCF composite can be obtained 

from the macroscopic in-plane stress-strain relationship 

  
       

         
                (8) 

In (8) x-direction is the specimen axial (loading) direction, see Figure 1. The NCF 

composite axial stiffness element    
     is obtained performing FE-analysis for plane 

strain case (    ). In this loading case    
    is obtained directly dividing the 

calculated axial average stress by the macroscopic strain applied. The average stress 

is axial force    divided by nominal (average) thickness of the laminate  . Hence 

   
    

  

   
             (9) 

The effective in-plane axial stiffness of the curved 0⁰-layer is lower than the stiffness 

of a straight layer mainly because the fibres are not oriented in-plane. However, as 

shown in [21], the curved layer in addition to end loading (applied displacement) is 

subjected to large normal and tangential tractions at the layer interface. In other 

words the loading to the curved layer is not uniaxial and as a consequence the force 

calculated at the right end of the layer (index R) is not equal to the force on the left 

end (index L) ,    
        

      . This makes the determination of the effective 

stiffness uncertain, because different values are obtained using different cross-

sections. The same applies to the 90⁰-layer with varying thickness   
       

  
      . The numbers    and     in parenthesis indicate the layer under 

consideration. Certainly, on both ends the total force is the same, for example 

  
        

                               (10) 

Because of the described reason the effective layer “stiffness” calculated on the left 

and the right edge of the model differs 

   
         

          
          

                        (11) 
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  ,    

      
  
     

    
,    

       
  
      

         
 ,    

       
  
      

         
  (12) 

In fact none of these numbers is stiffness, because the loading to the layer is not 

uniaxial. For the purpose of employing the CLT, the effective layer stiffness 

   
      

and    
      

 have to be defined in a way that using (2) gives exactly the same 

values for NCF composite as direct FE calculation. 

In [20] it was demonstrated that the following definitions of effective stiffness give 

this result  

   
     

 
   

         
     

 
                     (13) 

     
      

 
   

     
     

   
    

     
     

   

 
                    (14) 

These definitions together with (5) will be used in all calculations. 

4. FE modeling 

In this paper the 0/90 units shown in Figure 1b and Figure 1c are analysed. The 

waviness is represented with two parameters: the amplitude A and the wavelength 

L. The thickness of the 0⁰-layer is equal to the average thickness of one 90⁰-layer, 

       .The top surface of the 0⁰-layer in Figure 1b is traction free and all nodes 

belonging to the top surface of the unit in Figure 1c are coupled.  The finite element 

code ANSYS14.0 [23] with PLANE42 elements in plane strain assumption was used. 

The coordinate system of each element in the 0⁰-layer follows the sinusoidal shape 

of the layer. The area of each layer was meshed with quadratic elements with 200 

divisions along the model length and 40 divisions along the thickness direction. 

Symmetry condition was applied along the left vertical boundary and a constant x-

displacement was applied along the right vertical boundary leading to average strain 

in x-direction equal to 1%. Symmetry condition was applied along the bottom 

boundary. 
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Forces for effective stiffness determination according to (12)-(14) were calculated by 

summing the reaction forces acting on the nodes along the corresponding edge of 

the layer. The reaction force on the node shared by both layers is replaced by half of 

the reaction force of the neighbouring node, by analogy with the reaction force on 

the upper-right node in the free upper boundary which is also equal to half of the 

reaction force of its neighbouring node.  

5. Numerical analysis: Results and discussion 

5.1. NCF stiffness knock-down factor 

In order to investigate which term (    or    ) is affecting more the NCF knock-down 

factor in (7), calculations are performed for two different ratios of wavelength L and  

the layer thickness t0 : L/t0=10 and L/t0=15 and for both CF/EP and GF/EP materials 

for the unit with surface 0⁰-layer. Results are presented in Figure 2. Although the 

knock down factors in the case of CF/EP are decreasing more than for the case of 

GF/EP, both figures present similar behaviour of the curves and the same 

conclusions can be deduced for both materials. The term    in (7) can be neglected 

since it is almost equal to zero in the figures. Thus, the NCF composite knock-down 

factor defined by (5) can be assumed equal to the 0⁰-layer knock-down factor 

defined by (5) and (13),         . In other words, in order to know NCF cross-ply 

composite knock-down factor, it is enough to know the 0⁰-layer knock-down factor. 

  

Figure2. Comparison of     and     in the expression of NCF knock- down factor in 

(7) for unit with surface 0⁰-layer (a) CF/EP and (b) GF/EP 
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In the following, the focus will be mostly on the determination of knock-down factor 

of the 0⁰-layer. An important observation deduced from Figure 2 is that the curves of 

k0 corresponding to L/t0=10 and L/t0=15 look similar and have similar shape. This 

leads to assumption that both curves may coincide by performing proper 

“deformation” of both axis (changing scales). As a consequence the curve 

corresponding to L/t0=15 could be obtained as a part of the curve corresponding to 

L/t0=10. In the following discussion it will be shown that the knock-down factor for 

any L/t0 ratio as a function of A/t0 based on known relationship for one given L/t0 

ratio can be considered as a master curve. It is suggested to determine the master 

curve by performing accurate FE calculations for the case of short wavelength L/t0 

and to fit it with an analytical function.  

5.2. Master curve approach 

5.2.1. Knock-down factor curve and fitting function  

The case of L/t0=6 is considered as extreme case where the same amplitude can lead 

to a steep angle of the waviness. The 0⁰-layer knock-down factor is decreasing more 

than in cases with larger ratios. The knock-down factor dependence on the wave 

amplitude at L/t0=6 will be considered as master curve for the rest of calculations. 

The analytical fitting of the case of L/t0=6 will be used to calculate the knock-down 

factors for the other cases of the higher ratios of L/t0. The calculated values and the 

fitting curves are presented in figure 3 for both materials and for the unit with 

surface 0⁰-layer. The same fitting expression in (15) is found for both materials.  

   
 

           
                     (15)      
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Figure3. Fitting function for Master curve (L/t0 =6) (surface 0⁰-layer) (a) CF/EP and 

(b) GF/EP 

The fitting constants “b” and “c” are given in Table 2 for both CF/EP and GF/EP 

materials and for both surface and embedded 0⁰-layer cases. 

Table2. Fitting constants 

 

The fitting constant c is weakly dependent on the material system and in following it 

is considered as a material independent and set equal to 2. The new constant “b” is 

then found according to the new c (c=2) in order to get the best possible fitting. This 

means that only one parameter “b” depending on the material properties is 

remaining in the (15). Then, for instance, even one single FE calculation is enough to 

determine this parameter.  

5.2.2. Validation and application of the master curve approach 

In this section the aim is to demonstrate and identify the relationship between 

knock-down factor curves for different combinations of L/t0 and A/t0. It will be 
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explained how the master curve is used to predict the 0⁰-layer knock-down factor 

degradation for any case of L/t0.  

The procedure, as illustrated in Figure 4, is the following:  We consider the knock-

down factor curves for two different wavelength values L/t0. . Assuming that one of 

them is the master curve (in our selection it is the curve for L/t0=6, denoted     

(Index M is for Master) and the other one corresponds to a different wavelength 

L/t0=n, denoted    . An arbitrary value of the knock-down factor,   
 is selected on 

both curves and corresponding values of the amplitude are denoted        
  and 

       
 . Therefore, 

           
     

               
     

                  (16) 

Using data in Figure 4 we may produce a new figure where on the horizontal axis: 

  
       

 

       
                              (17) 

In (17)         is the variable value of the amplitude for      curve. In the new 

figure each knock-down factor curve is differently “deformed” in the horizontal 

direction according to the first term in (17). In new coordinates        the two 

considered points         
    

   and         
    

   coincide (the   coordinate is 

the same). Generally speaking, there is no reason to expect that other points on 

these curves would coincide too. However, the results presented in figure 5 for CF 

and GF for the case of unit with surface 0⁰-layer show that the curves coincide. The 

extremely high degree of agreement of numerical results for all inspected materials 

and also embedded layers (Figure 1c) as well, indicates that there may be an exact 

correlation which we do not know at present.  These results imply that knock-down 

factor     curves for all possible wavelength    ⁄    values coincide when they are 

plotted against    
       

 

       
          . Applying (17) to the master curve we have  

          . Hence, (17) can be written as 

        
       

 

       
                             (18) 
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The numerically established relationship (18) between both curves allows for a 

simple recalculation routine: for any selected knock-down factor    and         on 

the master curve the value of amplitude         that would give the same knock-

down factor for wavelength L/t0=n is given by 

        
       

 

       
                              (19) 

To use (19) we first have to find        
  and        

 . 

An illustration of the procedure is shown in the following figures for CF composite 

and for the surface 0⁰-layer case. The knock-down factor curve for     ⁄  =6, shown 

in Figure 3, is a master curve represented by fitting expression (15). It is used to find 

          for n=10.  

Performing the FE calculation for n=10 waviness with one chosen value of the 

amplitude         
      , the calculated knock-down factor is    

        . From 

(15) 

    
  

 

    (       
 )

   
 

          
  =0.312  

Then a set of values of         is chosen, i.e. the first row in Table 3. The 

corresponding values of     (second row) are calculated from (15). Finally (19) is 

used to calculate corresponding values of         . 

Table3. Calculation results (For CF/EP) (Unit with surface 0⁰-layer) 
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Figure4. Master curve approach  

 

Figure5. Figure 4 after calculation using (17) for the case of LM/t0=6 and Ln/t0=8, for 

CF/EP and GF/EP and for the unit with surface 0⁰-layer 

The 0⁰-layer knock-down factors    given in the second row in Table 3 are plotted as 

a function of           given in the third row of the same table. Thus the 0⁰-layer 

knock down factor curve is obtained for the case of L/t0=10 using the fitting 

expression of the master curve and only one FE calculation for amplitude A/t0=0.7 

for L/t0=10. The results presented in Figure 6a are for CF/EP material as well as for 

GF/EP. The fitting constant c in (15) is assumed equal to 2 for both materials. The 
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obtained knock-down curve is plotted at the same figure with knock-down factor 

curve calculated using FE for the same case of L/t0=10. Thus, the master curve 

approach is thereby shown to give a good agreement within the considered range of 

amplitude and wavelength. 

The same procedure is applied for L/t0=15 composite (see Figure 6b). And the same 

is done for the unit with embedded 0⁰-layer as well (see Figure 7a and Figure 7b). 

The c=2 parameter selection is working well for both units and the only remaining 

unknown constant is “b” in the fitting expression. This means that few FE calculated 

data points may be sufficient to determine the unknown constant “b” in the 

equation of the master curve and only another FE-calculation data point to predict 

the whole behaviour of the knock-down factor at a different wavelength is needed.  

  

Figure6. Comparison of    calculated using FE with    calculated using master curve 

approach for unit with surface 0⁰-layer (a) L/t0=10 and (b) L/t0=15 
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Figure7. Comparison of    calculated using FE with    calculated using master curve 

approach for unit with embedded 0⁰-layer (a) L/t0=10 and (b) L/t0=15 

Finally      is calculated in (7) using    determined from the master curve approach 

together with     calculated from (5) and (14). The results are presented in Figures 

8-9 and are compared to direct FE calculations for NCF knock-down factor. If     is 

used equal to 1 it means that the effective stiffness of the 90⁰-layer is considered 

equal to the transverse stiffness of the UD composite material, and the effect of the 

waviness and thickness variation on the 90⁰-layer effective stiffness is neglected. The 

results corresponding to this case in Figures 8-9 are close to the results using (7) and 

    calculated using (5) and (14). On the other hand,      determined using the 

master curve approach is rather close to the NCF knock-down factors calculated 

directly from FE. Since         , it can be used as a conservative estimation of the 

NCF composite axial stiffness reduction. 
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Figure8. NCF composite knock down factor with surface 0⁰-layer (a) CF/EP (b) GF/EP 

  

Figure9. NCF composite knock down factor with embedded 0⁰-layer (a) CF/EP (b) 

GF/EP 

6. Conclusions 

Numerical parametric FE-analysis showed that the axial stiffness reduction (knock-

down factor)  of a cross-ply type NCF composite made of carbon fibre (CF) or glass 

fibre (GF) bundles with out-of-plane waviness of a surface 0-⁰layer or embedded 0-

⁰layer is almost the same as the effective stiffness reduction of the curved 0⁰-layer. 

This conclusion holds for a large variety of wavelength and wave amplitudes of 

imperfections. 
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Analysing the calculated 0⁰-layer knock-down factor versus the wave amplitude 

curves for NCF composites with different wavelength we observed that these curves 

for different wavelength can be reduced to one master curve by changing the scale 

of the wave amplitude axis. 

It was found analysing results for CF and GF cases that the numerical data building 

the master curve can be fitted by a very simple one-parameter function. Thus, for a 

given material only a few FE calculations for a selected wavelength and amplitude 

are needed to construct the master curve. More calculations would serve the 

validation purpose. 

To construct the 0⁰-layer knock-down factor versus wave amplitude curve for a 

different wavelength only one FE calculation is required for arbitrary selected 

amplitude. Predictions performed for CF and GF NCF composites show a satisfactory 

agreement with direct FE calculations. Without losing accuracy, transverse stiffness 

of the 90⁰-layer material can be used to represent the effective transverse stiffness 

of the 90⁰-layer.  

The observed features used in the master curve approach require further 

investigation regarding their mechanical origin and potential of application to more 

complex NCF composites with 0⁰-layer waviness. 
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Abstract 

Axial stiffness of a symmetric non-crimp fabric (NCF) composite, consisting of  0°/90° 

unit cells with different amplitudes and wavelength of the 0°-layer, is calculated 

using the finite element method (FEM) and also using analytical models with knock-

down factors for curved 0°-layers. An analytical expression for the knock-down factor 

based on the FE-analysis is presented. It describes the effect of the local amplitude 

and wavelength of the 0°-layer on the effective stiffness of the layer in the unit cell. 

The dependence of the knock-down factor on the presence of waviness in the 

neighbouring unit cell is accounted for. Rule of mixtures and constant force 

assumptions are used when appropriate to find the macroscopic stiffness. Analytical 

modelling is in a good agreement with FEM. 

An alternative approach is suggested where one equivalent meso- cell represent the 

macro-stiffness of the NCF composite. Methods for geometrical parameter 

determination of the equivalent meso-cell are discussed. 

Keywords: Waviness, stiffness, classical laminate theory (CLT), Finite element 

analysis. 
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1. Introduction 

New manufacturing methods and material architectures have been employed over 

the last decade using dry woven or non-crimp fabric (NCF) preforms and resin 

infusion technologies to manufacture high performance composite materials with 

lower costs. Ideally, NCF based composites would have in-plane stiffness similar to 

prepreg tape based composites. In addition, improvements in damage tolerance as 

well as out-of-plane fracture toughness have been reported in [1-3]. As a result there 

is a strong interest among aircraft manufacturers and within other sectors such as 

wind energy and automotive industry, to use NCF based composites in primary 

structures. 

NCF composites are manufactured from layered textile preforms consisting of 

distinct fibre bundles with a certain orientation assembled by warp-knitted threads 

[4]. Thus a NCF composite is heterogeneous not only on fibre/matrix scale as prepreg 

tape based composites, but also on mesoscale (impregnated fibre bundles and resin 

pockets). Since the bundle scale is much larger than the fibre scale, homogenization 

over the fibre/matrix scale is possible representing the bundle as a transversally 

isotropic material. Bundles in the NCF composite are considered as unidirectional 

(UD) composites with a certain fibre volume fraction and their elastic properties may 

for instance be calculated using the finite element method (FEM) assuming different 

fibre arrangements in unit cells, as it was explained in [5], or simple rule of mixture 

based on iso-strain assumption, Halpin-Tsai expressions etc. The structure of bundles 

in a layer may be replaced by a homogenized layer with average fibre volume 

content [6-7]. 

Ideally, NCF composites would consist of layers with perfectly aligned fibre bundles 

where the size of each bundle is determined by the stitching procedure. However, 

NCF composites have both in- and out-of-plane waviness of the bundles which 

reduces the in-plane stiffness. The out-of-plane waviness was measured in [8-9]. A 

sinusoidal shape of the waviness was assumed and used in a two-dimensional FE-
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analysis of the composite that had periodic structure in the thickness direction with a 

bi-axial NCF as a repeating unit cell. 

Assuming periodic out-of-plane waviness the architecture of NCF composites has 

similarities to woven fabric composites and therefore methods and models for 

woven fabric composites [10] have been applied for NCF composites as well. For 

woven composites Ishikawa and Chou [11-12] proposed the mosaic and fibre 

undulation models. The mosaic model disregards the waviness of the bundle 

whereas the fibre undulation model also includes the waviness. For example in [13], 

the 3-D representative volume element (RVE) consists of flat resin pockets as well as 

in-plane and interlaced bundle regions. The iso-strain assumption was used in the in-

plane directions and constant stress assumption was used in the out-of-plane 

direction. Similar models have been applied to NCF composites in [14-15]. In [16] the 

stitching thread was included in the analysis. Stiffness expressions for NCF 

composites assembled by a warp knitting procedure were presented in [17] using 

the manufacturing parameters as input. In [18] the reduced volume fraction of the 

bundle and matrix due to the distortion created by the stitching yarn was analysed. 

The reduced volume fraction was then used together with classical laminate theory 

(CLT) to predict the mechanical properties of the laminate. Super-elements 

containing all details of the NCF architecture that necessarily requires numerical 

methods were introduced in [19]. More complex semi-analytical approaches are 

presented in [6] [20]. 

Another group of models relies on CLT using the assumption that the curved bundle 

with out-of plane waviness can be replaced by an “effective” flat layer. In [21] the 

effective modulus was calculated using an analytical model for a curved Timoshenko 

beam, applying several simplified boundary conditions in thickness (z) direction 

during axial loading: “free beam” (no restrictions on z-displacement); “simple 

support” (zero z-displacement in support points); “elastic foundation” represented 

by one spring leading to very similar result as in the case with “simple support”. 

These boundary conditions were used to represent the interaction of the curved 

beam with the surrounding material. The reduction of the effective bundle modulus 
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was described by a knock-down factor. The effect of various boundary conditions 

influencing the effective stiffness were further elaborated in [7] where detailed FE-

analysis was performed finding that the loads on the tow surface have to be 

accounted for to obtain the “effective modulus” of the curved beam. For a sinus-

shaped tow, the surface tractions can be described by a sinus function with its 

amplitude depending on the wavelength and amplitude of the curved tow.  

In [22] a novel “master curve” approach which allows calculating the knock-down 

factor of a curved layer of arbitrary wave amplitude and length was presented. The 

master curve for the given NCF composite is obtained using FEM by calculating the 

knock-down factor values for one relatively short wavelength and fitting them with a 

simple but accurate fitting function. Only one additional FE calculation is required to 

cover all possible amplitude cases for any different wavelength. The curved layer 

knock-down factor is used in the framework of CLT to calculate the NCF composite 

knock-down factor.  

The objective of the current paper is to apply the master curve approach for  

a) stiffness calculation of NCF composites with more complex geometries  

b)  reducing the complexity of finding an equivalent unit that represents 

stiffness reduction of the whole NCF composite. 

c) developing approximate engineering formulas for NCF stiffness 

FEM solutions are used to develop approximate formulas and to validate their 

accuracy. 

2. FE modelling 

The models realized in this paper are based on typical 0⁰/90⁰ units of NCF 

composites shown in Figure 1a and Figure 1b. Modelling the x-direction stiffness 

   
     of the NCF composite, the bundle structure of the 0°-layer is replaced with a 

curved homogeneous layer and plane strain assumption with respect to the y-

direction is used. The thickness of the 0⁰-layer is equal to the average thickness of 

one 90⁰-layer,        .The top surface of the 0⁰-layer in Figure 1a is traction free 
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and all nodes belonging to the top surface of the unit in Figure 1b are coupled.  The 

finite element code ANSYS14.0 with PLANE42 plane strain elements was used. The 

coordinate system of each element in the 0⁰-layer follows the sinusoidal shape of the 

layer. The area of each layer was meshed with quadratic elements. Symmetry 

condition was applied along the left vertical boundary and a constant x-displacement 

was applied along the right vertical boundary leading to average strain in x-direction 

equal to 1%. Symmetry condition was applied along the bottom boundary.  

                 

Figure 1. NCF composite units (a) surface 0⁰-layer (b) embedded 0⁰-layer 

The elastic constants of the layers are given in Table 1 for glass fibre- and carbon 

fibre- epoxy composites (GF/EP and CF/EP) which are calculated using FEM by 

assuming a hexagonal unit cell representation of the fibre arrangement and fibre 

volume fraction        [5]. 

Table 1. Elastic constants of constituents and homogenized layers  

 

First, one unit cell with surface 0⁰-layer and one unit cell with embedded 0⁰-layer are 

combined producing two new meso-cells referred to as: In-phase meso-cell (when 

the waviness of the surface 0⁰-layer and the waviness of the embedded 0⁰-layer are 

in-phase), see Figure 2a, and out-of-phase meso-cell (when the waviness of the 
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surface 0⁰-layer and the waviness of the embedded 0⁰-layer are out-of-phase as in 

Figure 2b). 

                  

Figure 2. Meso-cells with in-phase and out-of-phase combinations of surface and 

embedded unit cells 

Other combinations of meso-cells are realized by placing surface unit cells (Figure 

3a) or embedded unit cells (Figure 3b), with different amplitudes and wavelengths of 

the waviness in series (in chain). Meso-models are used to estimate the effect of 

interaction between bundles belonging to different units on their effective stiffness.  

(a) 

(b) 

Figure 3. 0⁰/90⁰ meso-cells with a) surface units b) embedded units 

Meso-cells in Figure 3a and Figure 3b are also combined to produce a more complex 

composite with in-phase (Figure 4a) or out-of-phase (Figure 4b) waviness. 
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(a) 

(b) 

Figure 4. Laminate made of: a) in-phase, and b) out-of-phase, meso-cells. 

 These models will be used in Section 6 to validate the engineering approach 

developed in Section 5. 

3. Theoretical background effective stiffness based models 

The CLT approach for calculating the axial stiffness of the NCF composite by 

introducing flat layers with “effective stiffness”  is very attractive due to its simplicity 

in application. The stiffness elements of a laminate with flat layers (NCF composite 

with zero waviness) are related to the A-matrix of the laminate 

   
       

    ⁄        
    ∑  ̅  

  
             (1)  

Here N is the number of layers. For the NCF composite represented by a laminate 

with effective layers we have 

    
       

    ⁄       
    ∑  ̅  

      
           (2) 
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with    

     
,    and    being the effective stiffness matrix of the layer in global 

coordinates, average layer thickness and average laminate thickness respectively. 

For the axial stiffness  of a cross-ply laminate and the NCF composite analyzed in this 

paper the expressions are as follows : 

   
       

   

 
    

     

 
            (3) 

   
       

       

 
    

         

 
            (4) 

where    
       is the effective transverse stiffness of the homogenized 90⁰-layer with 

varying thickness (    is the average thickness) and     
       is the effective axial 

stiffness of the curved 0⁰-layer.  

The stiffness knock-down factors for the 0⁰-layer, for the 90⁰-layer and for the NCF 

composite are introduced as follows 

   
   

     

   
        

   
      

   
         

   
   

   
         (5) 

Combining Equations (4) and (5) gives 

   
             

   

 
       

     

 
            (6) 

In [22], it was demonstrated that the axial stiffness of the 90⁰-layer is not much 

affected by waviness, and for simplicity, it can be used as equal to the transverse 

stiffness of the UD material (     ). 

From (4) and (5) follows 

   
         

   

 
    

     

 
             (7) 

Certainly, to find the knock-down factor of the 0⁰-layer, we have to start with proper 

definition and methodology for determination of the effective stiffness. 

The axial stiffness    
    of a symmetric and balanced NCF composite can be obtained 

from the macroscopic in-plane stress-strain relationship 

  
       

         
                (8) 
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In Equation (8) x-direction is the specimen axial (loading) direction, see Figure 1. 

Performing FE-analysis for plane strain case (    )    
    is obtained directly 

dividing the calculated axial average stress by the macroscopically applied strain. The 

average stress is axial force    divided by nominal (average) thickness of the 

laminate  . Hence 

   
    

  

   
             (9) 

This value will be used to validate the effective stiffness approach which is based on 

(4). The effective in-plane axial stiffness of the curved 0⁰-layer is lower than the 

stiffness of a straight layer mainly because the fibers are not oriented in-plane. 

However, as shown in [7], the curved layer in addition to end loading (applied 

displacement) is subjected to large normal and tangential tractions at the layer 

interface. In other words the loading to the curved layer is not uniaxial and as a 

consequence the force calculated from node tractions at the right end of the layer 

(upper index R) is not equal to the force on the left end (upper index L) ,    
      

  
      (numbers    and     in parenthesis indicate the layer under consideration). 

This makes the definition of the effective stiffness uncertain, because different 

values are obtained using different cross-sections. The same applies to the 90⁰-layer 

with varying thickness     
         

      . Certainly, on both ends the total force 

over the thickness of the whole composite is the same, for example 

  
        

                               (10) 

Because of the described reason the effective layer “stiffness” calculated on the left 

and the right edge of the model differs 

   
         

          
          

                       (11) 

   
      

  
     

    
 ,    

      
  
     

    
,    

       
  
      

         
 ,    

       
  
      

         
   (12) 

In fact none of these numbers represents stiffness, because the loading to the layer 

is not uniaxial. For the purpose of employing CLT, the effective layer stiffness 

   
      and    

       have to be defined in a way that using them in Equation (4) gives 
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exactly the same value for the NCF composite as in the direct FE calculation. The 

definition of the effective stiffness satisfying (4) is not unique. It is fairly 

straightforward to demonstrate (see [7]) that the following definitions of effective 

stiffness give this result 

   
      

   
         

     

 
                     (13) 

     
       

   
     

     

   
    

     
     

   

 
                    (14) 

These expressions, defining the effective stiffnesses as averages of values on both 

ends, have been demonstrated to be very efficient in the analysis based on knock-

down factors and CLT [22].  

4. Master curve approach 

The master curve approach was developed in [22] to calculate knock-down factors 

for curved 0°-layers. Numerical analysis showed that the 0⁰-layer knock-down factor 

versus amplitude curves for any wavelength can be reduced to one master curve by 

curve shifting. The master curve that shows the knock-down factor dependence on 

wave amplitude for a reference wave length is well described by a one-parameter 

expression with the parameter dependent on the used material [22]  

    
 

           
                       (15) 

This expression together with the shifting procedure is used to obtain high accuracy 

analytical predictions for knock-down factors for cases with different wavelength 

and amplitudes. For any new wavelength one FE calculation is required. In other 

words, the fitting parameter b is not only material dependent but also wavelength 

dependent. In the present paper, a parametric analysis based on FEM was 

performed to analyse b, see Figure 5, and a power law is suggested to fit the b 

parameter dependence on wavelength:  

          
                        (16) 
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The fitting constant “c” depends on the used material. Values for the used GF/EP and 

CF/EP are given in Table 2. They are different for surface and for embedded units.  

 

 

Figure 5. Fitting of the parameter “b” 

In Figure 5b and in Table 2 a case where the average 90°-layer thickness is doubled 

(t90=2t0) is also presented. This case will be utilized in Section 6 to approximately 

represent the effect of the neighbouring 0°-layer on the knock-down factor. 

 Table 2. Fitting constant “c” 

 

Since the c-constant is material dependent, each new material requires one FE 

calculation. Estimation of data in Table 2 leads to conclusion that in all comparable 

cases this constant is roughly three times larger for CF/EP composite. This value is 

rather close to the longitudinal modulus ratio of these two materials in Table 1 

(141/46.8=3.01). This may be an indication that the longitudinal modulus of the 

corresponding UD material is the main parameter defining the c-parameter. It should 

be reminded that all results in this paper are obtained assuming sinusoidal shape of 

the waviness.  
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5. Engineering approach for the amplitude and wavelength of an 

equivalent cell 

We consider surface or embedded unit cells with different amplitudes and different 

wavelengths combined in chain (see Figure 3) producing an NCF composite made of 

n unit cells. The approach is to replace these chains by one equivalent cell 

(correspondingly surface or embedded). The equivalent cell has to have an 

amplitude and wavelength that lead to the same stiffness as the initial chain of unit 

cells has. The objective is to find the equivalent amplitude and wavelength. This 

analysis has practical significance because this is the way how experimental (for 

example, optical) observations can be implemented in a model. The question is: 

what is the proper averaging procedure for observation data? The simplest and 

commonly used method is to calculate the average of the amplitude and of the 

wavelength by simple summation of the local amplitudes and wavelengths (17) 

taking into account the volume fraction Vi (18) of each unit which leads to rule of 

mixtures 

    ⁄     ∑        ⁄   
 
     And     ⁄     ∑        ⁄   

 
     (Method1)      (17) 

n- is the number of unit cells in the chain,    is the volume fraction of the i-th unit 

cell in the chain 

   
           

      
                         (18) 

FEM results in Figure 6 discussed in detail later show that this simple way of 

averaging significantly overestimates the stiffness.  

A more accurate and mechanics based procedure is based on summation rule for 

stiffness of cells combined in chain. For the equivalent cell  

 

    
   ∑

  

    
 

 
                        (19) 

which using (7) can be written as 

 

  
  

    
     

   
  

   
  

 ∑
  

  
       

     
   
  

   
  

 
                           (20) 
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Introducing the notation 

          
   

  

   
  

   
                      (21) 

Equation (20) can be expressed by: 

 

  
  

   
 ∑

  

  
    

 
                                         (22) 

Using the knock-down factor of the equivalent cell  

   
   

 

             
  

                      (23) 

Equation (22) can be rearranged in the form 

    ⁄     √
 

   

     ∑
  

  
    

 
     

   ∑
  

  
    

 
   

                                         (24) 

In the above expression the amplitude of the equivalent cell cannot be determined 

because     depends on the length of the equivalent cell (equations (15), (16)) which 

is not yet known. However, (24) can be simplified: it was demonstrated in [22] that  

       , which means that one can assume      . Similar derivation as shown 

above leads to 

    ⁄     √
 

   
∑         ⁄   

  
      (Method 2)                (25) 

The same expression is obtained when    , which is the case when the 

contribution of the 90°-layer can be ignored.  

Method 2 includes bi and also      which are LTi dependent and therefore      for 

the equivalent cell cannot be determined at the current stage.  

The wavelength of the equivalent unit is determined through the average waviness 

angle. 

         ∑
     ⁄   

  

 
                       (26) 
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             (   )           ∑

   

  

 
                    (27) 

In Method 2           depends via           , see (25), on     whereas     for the 

equivalent cell depends on         . In other words both parameters are coupled 

and an iterative solution is one of the options:  in the first iteration we assume that 

   and     can be neglected in (24) leading to 

    ⁄     √∑       ⁄   
  

     (Method 3)                 (28) 

This value of           is used in (27) to find the wavelength          and then     is 

found using (16). Equation (25) can then be used to refine the value of          etc. 

Method 3 is the first iteration in a more complex routine for Method 2. 

6. Results and discussion 

6.1.  Chain of cells 

Axial stiffness of the meso-scale composite consisting of a chain of n=5 unit cells, see 

Figure 3, was calculated by separately analysing the chain of surface cells, Figure 3a, 

and embedded cells, Figure 3b. The waviness parameters for cells used in the 

calculations are given in Table 3. The waviness parameters for the equivalent cell 

used in the engineering calculations were then calculated according the three 

methods described in Section 5. The results are given in Table 4. 

Table 3. Used amplitudes and wavelengths 
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Table 4. Average amplitude and wavelength of the equivalent cell 

 

FE models containing these 5 cells were created and the calculated    
    for GF/EP 

and CF/EP composites are presented in Figure 6. Stiffness of a laminate with 

    ⁄     is presented for comparison. The stiffness of the embedded laminate 

with     ⁄      is lower than for the laminate consisting of surface units because 

the fraction of the 0°-layer is smaller in this model (1/3).  

Stiffness of the same chain of cells was also calculated analytically using the 

“constant force” model  

 
 

    
    ∑

  

    
 

 
                         (29) 

Here the stiffness of each cell     
  was calculated using the master curve: applying 

(7) where the knock-down factor was found with (15), (16).The excellent agreement 

with FEM for all analysed cases confirms the applicability of (29). 

Next the concept of the equivalent unit cell representing the composite chain was 

investigated. The stiffness of the defined equivalent cell was calculated a) using FEM; 

b) using the master curve approach. The results of a) and b) calculations are almost 

coinciding. The procedure in the master curve approach is as before: the constant 

    is calculated for the equivalent wavelength using expression (16), and then 

introduced in expression (15) together with the equivalent amplitude to calculate 

the knock-down factor of the 0⁰-layer in the equivalent unit cell. The knock-down 
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factor is used in the CLT expression (7), to calculate the axial stiffness of the 

equivalent unit. 

Among the three methods defining the parameters of the equivalent cell Method 1 

based on simple averaging of amplitude and wavelength is the least accurate: for 

both materials and for surface as well as embedded composites chains it significantly 

overestimates the composite stiffness. The results in Figure 6 show that the axial 

stiffness of the equivalent cell with average amplitude and wavelength calculated 

using Method 2 and Method 3 are in rather good agreement to the axial stiffness of 

the NCF composite. Method 3 gives almost the same results as Method 2, which 

means that ignoring the variation of the parameter bi does not lead to any 

considerable error in the calculation of the average amplitude. 

 

Figure 6. Axial stiffness of a combination of 5 cells of surface and embedded unit 

cells calculated using FEM for the whole chain as well as for the three methods 

based on the concept of “equivalent unit cell”: a) CF/EP b) GF/EP. Calculations 

according to the master curve approach are also presented for all four cases. 



97 

 

6.2.  Interaction effects of curved bundles in cells connected “in parallel”. 

The idealized meso-geometry of the NCF composite containing two symmetric layers 

(chains of units) analysed in Section 6.1 is not typical in practice. It was shown in [7] 

[22] that surface tractions due to interaction with the surrounding material strongly 

affect the knock-down factor of the 0°-layer. This means that in a multi-layer NCF 

composite with many embedded and surface unit cells the waviness parameters of  

0°-layer in one cell can significantly affect the knock-down factor of the 0°-layer in a 

cell located on the top or below this cell. 

The interaction effect on the knock-down factor was investigated applying FEM on 

the models shown in Figure 2. The objective was to find a simplified geometry 

(representative cell) that would give a satisfactory description for the large variety of 

the parameters in two unit cells connected in parallel. 

Since one of the possible simplifications is replacing the neighbouring cell with a 90°-

layer of the same thickness (for 0°-layer       ), we start the analysis with the 

effect of the thickness of the 90⁰-layer on the knock-down factor of the 0⁰-layer. In 

FEM, both models (with surface 0⁰-layer and embedded 0⁰-layer) presented in Figure 

1a and Figure 1b are considered changing the thickness ratio between the layers as 

following: t90/t0 = 1, 2, 3, 4. The knock down of the 0⁰-layer is presented as a function 

of the amplitude in Figure 7a and Figure 7b. Calculations were performed for 

wavelength (L/t0)=6. 

 



98 

 

 

Figure 7. Effect of 90⁰-layer thickness ratios on 0⁰-layer knock-down factor for the 

unit cell with: a) Surface 0⁰-layer b) Embedded 0⁰-layer. 

The effect of the thickness of the 90⁰-layer on the knock-down factor reduction of 

the 0⁰-layer in Figure 7 is not significant, the reduction being larger with 

increasing      ⁄  . The largest change is between t90/t0=1 and t90/t0=2. For the 

thickness ratios higher than 2 the knock down factor is almost the same as for the 

case      ⁄   . 

The knock-down factor data from FEM were fitted using the master curve expression 

(15).  The obtained b-parameter for the analysed cases is given in Table 5, and Figure 

8 illustrates the accuracy of the fitting procedure.  

 

Figure 8. Master curve fitting  
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Table 5. The fitted b-parameter 

 

Next, the meso-cells shown in Figure 2 are analysed by changing the amplitude of 

the 0⁰-layer in one unit and calculating the knock-down factor of the 0°-layer in the 

other unit. Changing the waviness in one 0°-layer, the interface tractions between 

units are changed (boundary conditions for the unit cell are not symmetry conditions 

as it was in Figure 1) as well as the knock-down factors. 

Focusing on the 0⁰-layer in the surface unit cell, the amplitude of the surface 0⁰-layer 

    ⁄    is fixed, changing the amplitude of the embedded 0⁰-layer     ⁄     and 

determining the knock-down factor of the 0⁰-layer in the surface unit. The 

percentage of change is calculated with respect to the knock-down factor in the 

surface unit when     ⁄       (flat layer). The same was done also for the 0⁰-layer 

in the embedded unit by fixing     ⁄     and changing     ⁄     and calculating the 

knock-down factor of the 0⁰-layer in the embedded cell. Results for the most 

extreme effect of the neighbouring layer are presented in Table 6 and Table 7 were 

also values corresponding to unit cells with symmetry boundary conditions are 

presented for comparison. 
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Table 6. Knock down factor of 0⁰-layer in the surface unit with     ⁄        and 

    ⁄     . 

 

Table 7. Knock down factor of 0⁰-layer in the embedded unit with     ⁄        

and     ⁄    . 

 

Increasing the wave amplitude of the neighbouring 0⁰-layer, the knock-down factor 

of the 0⁰-layer in concern increases in the out-of-phase case and decreases in the in-

phase case. The thickness of the 90⁰-layer in between two 0°-layers is the same and 

constant (t90⁰=2t0⁰) in average. The symmetric shape of the out-of-phase model 

compensates the bending of the unit and makes the 0⁰-layer stiffer (the result is 

similar as using symmetry condition at the unit interface). The change (%) with 

respect to the knock-down factor value when the neighbouring layer is straight (also 

shown in Tables 6,7) is very small for GF/EP composite (about 2%) but larger for 

CF/EP (10% for surface units and 6% for embedded units). The conclusion is that the 
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effect of the neighbouring 0⁰-layer waviness on the knock-down factor is rather 

small and, therefore, it could be accounted for using simple approximations.  

To identify this simple approximation, the knock-down factor of the 0⁰-layer in the 

meso-cell may be compared to the one in the t90⁰=2t0⁰ unit cell (as demonstrated 

above, cells with t90⁰>2t0⁰ render similar results).  For all the cases of out-of-phase 

meso-cells, the approximation of replacing the neighbouring waved 0⁰-layer by a 

90⁰-layer with t90⁰=2t0⁰ would lead to an under-estimation of the knock-down 

factor by 2-10%. For the in-phase meso-cell the same operation would lead to over-

estimation of the knock-down of the 0⁰-layer in concern by about 0.3-7%. In a real 

NCF composite, the unit cells are randomly shifted and, therefore, the in-phase and 

out-of-phase meso-cells represent extreme cases. Since the suggested 

approximation under-estimates the factor for in-phase units and overestimates it for 

out-of-phase units, it may lead to satisfactory stiffness reduction predictions in NCF 

composites containing all these meso-cells. Certainly, more detailed and more 

accurate approximations are possible, for example applying different approximations 

for in-phase and out-of-phase meso-cells. 

Finally, the approximation for knock-down factors suggested above was used for 

symmetric NCF composite consisting of 5 meso-cells with different amplitudes and 

same wavelength     ⁄     . (Figure 4). The stiffness of the two NCF composites 

shown in Figure 4, calculated using FEM, is labelled in Figure 9 as “FEM F4a” and 

“FEM F4b” respectively.  They were also evaluated analytically using the engineering 

approach based on the master curve. First the knock-down factors of all units were 

determined accounting for the 0°-layer interaction in the approximate way described 

above (using         in the unit cell). In this routine the value of     in (16) is taken 

from Table 2 for case         and the calculated     is substituted in (15) to 

calculate the knock-down factor. After that the stiffness of the unit cell is calculated 

using (7) with the real thickness of the 90°-layer in the cell,        .  The stiffness of 

the chain of unit cells (the surface chain is treated separately from the embedded 

chain) is then calculated using  
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                  (30) 

The volume fractions of unit cells are calculated as follows 

         
            

   
     
                             (31) 

        
             

        
                             (32) 

The stiffness of both chains is used to calculate the stiffness of the NCF composite 

shown in Figure 4.  

    
             

         
         

        
                   (33) 

In (32)       and      are volume fractions of the surface chain and embedded 

chain respectively. 

The NCF stiffness calculated using this technique is denoted in Figure 9 as “master”. 

The values are between the FEM values for in-phase (Figure 4a) and out-of-phase 

(Figure 4b) composites. In the used approximation this technique does not 

distinguish between in-phase and out-of-phase cases, since when calculating the 

effect of the neighbouring 0°-layer on the knock-down factor, the 0°-layer is replaced 

by a 90°-layer which does not have any in-phase or out-of-phase waviness.  

An alternative for FEM as well as for analytical calculations is replacing the 

composite in Figure 4 by an equivalent meso-cell consisting of two equivalent unit 

cells connected in parallel. The potential of this approach is analysed next. The 

equivalent amplitude of the 0⁰-layer in each equivalent unit cell is calculated 

separately using Method3 (28) with Vi being either          or        . The 

equivalent wavelength is calculated according to (27) which in the used calculation 

case (units of equal length) is equal to the length of the unit cell. 

The equivalent meso-cell with two unit cells in parallel was analysed using a) FEM; b) 

analytically. The equivalent meso-cell is different for the in- and out-of-phase cases 
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in Figure 4. This is reflected in two different FEM values “FEM F4a-eq” and “FEM 

F4b-eq” in Figure 9. 

The analytical solution for the equivalent meso-cell is based on the master curve 

expressions: a) the knock-down factor of the 0⁰-layer in each of the two equivalent 

cells is calculated using expressions (15),(16) (using     in (16) from Table 2 for case 

        to find parameter “b” ). The effective stiffness of the equivalent unit is 

then calculated using expression (7) which is based on CLT in equation (7). Finally, 

stiffness of both equivalent units is used to calculate the NCF composite stiffness 

using 

    
                 

        
             

       
                  (35) 

The results are shown in Figure 9 as “Master-eq”. Results using the equivalent meso-

cell are very similar as obtained using the detailed meso-structure in Figure 4.  It 

proves that the geometrical meso-structure in Figure 4 is well represented by one 

equivalent meso-cell with equivalent amplitude and wavelength obtained using 

Method3. 

 

Figure9. Axial stiffness of in-phase and out-of-phase combinations of surface and 

embedded unit cells: a) CF/EP b) GF/EP. 
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7. Conclusions 

Axial stiffness of a symmetric NCF composite, consisting of many 0°/90° unit cells 

with different amplitudes and wavelength of the 0°-layer, is calculated using FEM 

and also using analytical models with knock-down factors for curved 0°-layers.  

An analytical expression for the knock-down factor of the 0°-layer in the unit cell is 

presented. It is a simple but accurate fitting expression based on extensive FEM 

parametric analysis and reflects the effect of the local amplitude and wavelength of 

the 0°-layer on the effective stiffness of the layer in the unit cell. There is only one 

parameter in these expressions which depends on the used material (values of this 

parameter are presented for typical GF/EP and CF/EP materials), which means that 

for a new material only one FE calculation for a simple unit cell with fixed amplitude 

and wavelength is required to obtain knock-down factors for any combination of 

amplitude and wavelength.  It was found that the value of the knock-down factor is 

affected by the presence and waviness of the 0°-layer in the neighbouring unit cell. 

In the current routine this effect is accounted for in a very simple way: by assuming 

that the effect is the same as increasing the thickness of the 90°-layer. In the next 

step of simulations rule of mixtures and constant force assumptions are used when 

appropriate. It has been shown that analytical modelling gives results in good 

agreement with FEM. 

An alternative approach, attractive for experimental characterization, is to use the 

information regarding the variation of local waviness to create an equivalent meso- 

cell for the NCF composite. Three different methods to identify parameters of the 

equivalent meso-cell are discussed and good agreement with FEM is demonstrated. 
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ABSTRACT 

Carbon fibre T650 8-harness satin weave fabric composites with thermosetting 

polyimide resin designed for high service temperatures are solidified at 340°C. High 

thermal stresses develop after cooling down to room temperature, which lead to 

multiple cracking in bundles/layers of the studied quasi-isotropic laminates. The 

composites were subjected to two ramps of thermal cycling quantifying the increase 

of crack density in layers. Comparison of two ramps with the same lowest 

temperature shows that the highest temperature in the cycle has a significant effect 

on thermal fatigue resistance. During thermal aging tests at 288°C the mechanical 

properties are degrading with time and the crack density versus aging time was 

measured. Aging and fatigue effects were separately analysed showing that part of 

the cracking in thermal cycling tests is related to material aging during the high 

temperature part of the cycle. Numerical edge stress analysis and fracture mechanics 

were used to explain observations. 

Keywords: Thermal fatigue; high temperature properties; thermal aging; woven 

composite; fracture mechanics. 
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1. Introduction 

An increasing interest of aerospace industry in composite materials for applications 

in harsh environments has been driving improvement and development of new 

composites. In addition to good mechanical performance some components require 

materials suitable for the environment in which it would be functioning. For 

example, the composites designated for aero-engine applications considered in the 

current paper need to perform at high temperatures. Thermal cycling (fatigue) and 

long exposure to elevated temperatures (ageing) can cause changes in the 

morphology, strength and stiffness [1-3]. Therefore understanding the behaviour of 

a composite material under this type of environmental exposure is of great 

importance. 

Many researches are dedicated to study the thermal stability of the composite by 

quantifying the effect of thermal fatigue and aging on the mechanical properties and 

the damage development [4-6]. The effect of thermal cycling (-100°C,100°C) and 

thermal aging (250h, 400h at 110°C) on mechanical performance of carbon 

fibre/RTM6 resin and carbon fibre/BMI resin cross-ply laminates was studied in [7] 

showing that the intralaminar crack density is a clear function of aging time, 

indicating the matrix and interface degradation. The elevated temperature level 

during thermal cycling with a fixed lowest level has significant effect on the damage 

level [8-9]. At the highest temperature in the cycle the composite laminate is close to 

the stress free state and, therefore, thermo-elastic analysis cannot explain the role 

of the highest temperature in the damage development. Using Paris law with energy 

release rate (ERR) change during the cycle to explain fatigue crack propagation, the 

highest temperature is of importance because the ERR change is larger.  

Nevertheless, it is only one of the possible reasons: during exposure to high 

temperature irreversible phenomena take place and when the lowest temperature 

in the cycle (with high stresses) is reached micro-damage evolves. Possible causes for 

degradation are the disintegration of the molecular network leading to degradation 

of the resin properties. In [3] authors demonstrated that this effect can be 

intensified and accelerated if an elevated pressure is added. 
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The degradation may be quantified by the weight loss measurement either after 

thermal cycling or after isothermal aging [10-11]. It has been demonstrated that the 

isothermally aged woven composite made of carbon fibre/epoxy loses more weight 

than the thermally-cycled specimens throughout the entire range of the equivalent 

aging time at 170°C. This was explained by the volumetric relaxation of the polymer 

matrix after each cycle and by the diffusion rate of oxygen   through the epoxy 

matrix during thermal cycling, which is considerably lower than the diffusion rate at 

isothermal condition.  Another study [12] showed that the aging time of carbon 

fibre/epoxy (IMS/977-2) composite (at 217°C) has an effect on its viscoelastic 

properties. This effect is linked to the effect on the glass transition temperature. The 

chemical and physical changes occurring during aging are accompanied by a variation 

in molecular mobility, the glass transition temperature increases at the beginning of 

aging followed by a decrease.  

It is clear that the matrix dictates the material’s response at high temperature. The 

degradation of neat polyimide resin and CF/polyimide composite at (320°C, 360°C) 

was studied in [13]. The authors have proved that the composite weight loss comes 

only from the matrix degradation indicating that the carbon fibres in the composite 

have good thermal oxidation resistance. The choice of the appropriate resin is the 

most complicated issue for the high temperature composites. Development of high 

temperature polymeric resins was reported in [14] replacing a commonly used 

epoxy, with the limit of service temperature above 135°C, by polyimide resin in 

composites for service temperatures between 250°C and 350°C. 

The objective of the current work is to study the thermal fatigue resistance and 

the thermal stability of quasi-isotropic CF/polyimide woven composite by analysing 

the initiation and evolution of micro-cracking due to thermal cyclic loading or after 

isothermal aging at 288°C. 
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2. Experiments 

2.1. Materials description 

The composite material studied in this paper is designed for severe operating 

temperatures with a potential for aero-engine applications. Quasi-isotropic [(+45/-

45)/(90/0)]2s “laminates” were prepared using 8-harness satin weave based on Cytec 

T650 carbon fibres and thermosetting polyimide resin denoted NEXIMID® MHT-R 

(MHT-R). This resin is provided by Nexam Chemical AB; it is a low molecular weight 

phenylethynyl terminated polyimide that contains a combination of 4-

(Phenylethynyl)Phthalic Anhydride (4-PEPA), end-group cross-linker and ethynyl bis-

phthalic anhydride (EBPA) main chain cross-linker. The use of optimized 

combinations of the 4-PEPA and EBPA (both Nexamide™ type) enables ultimate Tg of 

around 370°C. 

Specimens were cut from 2 different plates labelled 432, 433. These plates were 

manufactured at Swerea SICOMP, Sweden, using resin transfer moulding (RTM) in 

stainless steel tool using a flow and pressure controlled injection piston. The material 

was initially cured at 340°C for 30min followed by 2.5h post cure at 370°C using 12 

bar pressure. In the 433 plate, the MHT-R resin was mixed with 4% of an additive 

A57, which is a reactive diluent acting to lower the viscosity during processing. Both 

plates were cooled down during 12 hours and demoulded at 70°C then cooled down 

to 0°C for 2 hours. 

The volume fraction of fibres is around 60%; the Tg is around 370°C; the uncured 

resin melts between 200°C and 250°C and the initiation of cross-linking happens 

above 320°C. Some mechanical properties of the T650/MHT-R quasi-isotropic 

laminate [15] are given bellow: 
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E Tensile ≈ 48GPa / E Compression ≈ 45GPa. 

Tensile strength ≈ 471MPa / Compressive strength ≈ 371MPa. 

Strain to failure ≈ 1.05% (in tension) 0.86% (in compression). 

Fibre failure strain ≈ 1.7%. 

The 8-harness satin meso-architecture allows approximating in theoretical analysis 

the composite as a laminate with “layers” of certain bundle orientation. The 

thickness of the laminate is 2.9mm which means that average thickness of one 

“layer” (bundle) is approximately 0.18 mm. The bundle width is about 1.5mm. 

2.2. Experimental procedures  

Two groups of specimens were cut from each plate (see Table1). The first group 

(75mmx8mm) was divided into two subgroups and subjected to two different 

thermal cycling loading sequences. The first subgroup was subjected to ramp (R1) 

between -60°C and room temperature (RT) whereas the second subgroup to ramp 

(R2) between -60°C and 288°C. The specimens were exposed to each temperature 

for 10 minutes and were subjected to up to 150 cycles. 

The specimens (150mmx12mm) of the second part of the plate with letter “A” in the 

label were subjected to isothermal loading at 288°C for up to 960 hours (40 days). 
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Table1. Specimens’ labels and loading conditions 

 

Fine polishing was performed after cutting using the following sequence of sand 

papers (P240, P600, P1200, P2500, P4000) followed by polishing using liquid 

diamond slurry (from 6 micron to 0.25 micron). The fatigue behaviour was 

characterised by determining the micro-crack density in a layer by means of optical 

microscopy. After certain number of cycles (number in parenthesis in Table1) or 

certain number of aging hours (for specimens with label “A” in Table1), the 

respective number of cracks N over distance L on the specimen edge was counted at 

room temperature in each layer separately (partial cracks were not counted). The 

crack density in each layer was calculated as 

   
 

     
              (1) 

where   is the fiber orientation angle in the layer. 
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The mesostructure and the damage state of all the specimens were analysed under 

microscope before any treatment. Some examples are presented in Figure1.  

The void content was measured in each specimen using image analysis software 

(NIS-elements BR) together with optical microscope. The void content was defined as 

the area fraction of voids from the observed surface. 

 

Figure1. Cracks caused by the residual stresses: a) plate 432; b) plate 433 

3. Results and discussion 

3.1. Initial damage state and void content 

Due to unknown chemical shrinkage stresses and thermal residual stresses 

arising when cooling down the composite after manufacturing, cracks, with different 

densities, appear in bundles, see Figures 1 and 2. The highest initial thermal stresses 

are obtained when the plates were gently cooled down to 0°C directly after 

manufacturing. We assume that the temperature difference causing the damage 

state after manufacturing is approximately 0-340= -340°C. The stress state in the 

bulk part of the composite plate can be calculated using the Classical Laminate 

Theory (CLT). According to CLT, in a quasi-isotropic laminate the thermal transverse 

stresses in all layers are equal and the in-plane shear stress is zero. Since these two 

stress components are responsible for intralaminar cracking, we can say that 

conditions for initiation of intralaminar cracks in all layers are the same. Due to 

statistical distribution of failure properties in a layer the number of initiated cracks is 

limited but statistically it should be the same in all layers. 
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Cutting specimens from the plate was performed at room temperature (RT) which is 

about 22°C higher than the lowest temperature during the manufacturing cycle. This 

means that at RT the thermal stresses in the plate were lower by about 6-7 %. New 

cracks were not introduced during the cutting, especially because after cutting, 

about 1mm from each edge was removed by polishing. Still, the first observation 

from Figure 2 is that the crack density in different layers is quite different. The 

surface +45-layers have much higher crack density than the rest of layers; in the 90-

layers the crack density is larger than in the ±45-layers, where it is practically 

negligible.  

 

Figure2. Crack density on the edge of “untreated” specimens: a) plate 432; b) plate 

433. Direction from left to right is towards the middle of the plate 

To explain these observations, 3-D FEM thermal stress analysis was performed to 

study edge effects in a specimen with finite width. The upper part of the laminate 

with [(+45/-45)/(90/0)]2s configuration was modelled assuming that the bundle 

meso-structure can be homogenized in this evaluation which is more of a qualitative 

nature than a quantitative characterization of stresses. The bundle width/thickness 

aspect ratio in the composite is rather large (3mm/0.18mm=15) and therefore only a 

small region in the transverse direction of the bundle (close to the interface with the 

resin pocket) has complex in-plane stress distribution stress distribution. Generally 

speaking in this region in-plane stresses when averaged over bundle thickness are 

lower than on the central part of the bundle where iso-strain conditions of all 

bundles are rather accurate. Therefore, in the main part of the bundle CLT analysis 

may be used for stress estimation replacing the bundle meso-structure by layered 
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structure. The laminate type of solution for transverse stress and in-plane shear 

stress, of course, is not valid close to the matrix pocket; however, observations (see 

Figure 1) show that cracks are not concentrated in these regions only. Calculations in 

[16], for Non-crimp fabric composites have shown that in mechanical loading the 

average transverse strain in the bundle with considered aspect ratio is around 5% 

lower than it would be in a laminate which is not large comparing to the transverse 

strength variation according to Weibull distribution. Certainly there are regions in 

woven composites where fibres do not have in-plane orientations and replacing by 

laminate there is meaningless, however, in 8-harness satin they are not the most 

typical regions of damage. Another region where the laminate theory solution is not 

valid is the edge of the specimen (for laminates as well as for bundle structures) and 

3-D FEM analysis is performed to reveal the differences. This discussion is indicating 

the FEM studies on laminated structure can be useful to understand edge effect in 

damage in the considered composite. 

The assumed thermo-elastic constants of the UD composite are: E1=141.025GPa, 

E2=8.821GPa, ν12=0.265, ν23=0.442, G12=3.62GPa, G23=3.11GPa , α1=0, α2=25e-6. 

The total number of SOLID186-type of brick elements was 33600. The simulated 

specimen was long in x-direction (for all edge effects from x=0, x=L to decay in the 

middle of the specimen) whereas the specimen width was 4mm and thickness 3mm. 

These dimensions were selected to have even more interacting edge stresses than in 

the experimental cases where the specimen width was 7 mm for thermal cycling and 

12 mm for aging. 

The in-plane stress distributions normalized with the CLT transverse stress value     

are presented in Figure 3. Even for this small width specimen the transverse stress in 

the middle     ⁄  is close to the CLT value, which means that the same plateau 

region will be also in the experimental specimens which are wider. It also means that 

the magnitude of edge effects is not disturbed by overlapping the stress 

perturbations from both edges. The shear stress in layers, see Figure 3b, is not 

negligible but still significantly lower than the transverse stress. In Figure 3a we 
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observe clear differences in the edge region between transverse stresses in    -

layers and in 90-layers. In 90-layers the transverse stress is magnified by 

approximately 20% whereas in all 45-layers the transverse stress on the edge is 

about 30% of the CLT stress. This means that after cutting the thermal stress state in 

the specimen is different than in the initial plate. For 90-layers the transverse stress 

is about 20% higher which is much larger change than the thermal stress reduction 

by 6-7% when the plate was brought from 0°C to RT. This means that additional 

cracks were initiated in the edge regions of 90-layers. Most probably they did not 

grow inside the specimen because the stress conditions there did not change after 

cutting. This hypothesis was not possible to check experimentally because the matrix 

limited amount of material available for testing. On the other hand, the transverse 

stress in the edge region of 45-layers is much lower than in the middle part which 

means that new cracks were not introduced in these layers by making specimens. 

The above analysis explains the difference between crack densities in 90- and 45-

layers shown in Figure 2. However, it does not explain the much higher crack density 

in the surface 45-layer which will be discussed later in this section. 

 

Figure 3 Normalized thermal stress distributions in [(+45/-45)/(90/0)]2s laminates of 

finite width W=4 mm: a) transverse stress; b) in-plane shear stress 

Most of the 90-layer cracks in plate 432 originate from interbundle voids (see Figure 

1a). The average void content was measured through the area of about 100mm2. 

From one specimen to another, the average void content varied from 0.3% to 2.4% 

in 432. The measured void content is not too high; however, the voids were not 

uniformly distributed in the material. When measured in a smaller window of 
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1.15mm2 (0.93mmx1.24mm) (taken in the middle of the specimen), the void content 

varied from 0% to 13% in the plate 432. The void content in the plate 433 was almost 

zero. 

General for both plates is very high variability between specimens. Therefore, at this 

stage solid conclusions regarding the relationship between performance and 

manufacturing routines cannot be drawn and all observed trends should be treated 

with caution. The void content in the middle of the 432-plate, see Figure 4, is much 

higher than at the edge. It correlates with higher crack density in specimens from the 

middle of this plate; see Figure 2a from left to right, especially in the surface layer. In 

fact, the role of voids is dual: they act as stress concentrators and first cracks appear 

at lower thermal load, but also they lead to larger stress relaxation after the crack is 

created, that may delay the appearance of new cracks and arrest the growth of the 

existing cracks. This phenomenon was described in [17-18] showing that in 

mechanical fatigue the cracking starts first in layers with voids but with increasing 

number of cycles the difference in crack density disappears. In the 433-plate diluent 

was used to reduce the viscosity, the void content is very low and the micro-damage 

state is uniform over the plate. 

 

Figure4. Void content measured on the specimen edges. 

To explain the higher crack density in the surface layers we have to distinguish two 

steps in crack evolution: initiation and propagation along fibres. The growth of a 

crack may be described by Linear Elastic fracture mechanics (LEFM) which states that 

the crack will propagate when the energy release rate (ERR)   which is quadratic 
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function of the stress reaches or exceeds the critical value (material fracture 

toughness     which in composites may be different for different growth directions 

and depends on the fracture mode mixity). 

Intralaminar cracks initiate in stress concentration regions (voids, edges) and in 

weakest positions where the local fibre concentration is high and/or the fibre/matrix 

interface or the matrix is “imperfect” (for example, defects due to impregnation 

problems in high fibre content regions) characterized by certain defect state. The 

crack initiation process is stochastic and characterized by coalescence of fibre/matrix 

debonds leading to growth in the ply thickness direction. Most probably the 

thickness direction growth during initiation is the ply- scale thermal stress state 

governed, which is according to CLT is the same for all layers. However, at given 

thermal stress     the ERR for defect growth in ply thickness direction is much 

higher for defects of the same size at the surface than in internal layers.  This fact is 

well known for infinite or semi-infinite plates with cracks [19].  The relationship 

between ERR for surface and internal crack growth in thickness direction for the 

same stress are given in [20] 

        

         
                     (2) 

Thus many more cracks are initiated in the surface layer of the quasi-isotropic 

laminate under thermal loading. When the crack becomes sufficiently large in the ply 

thickness direction, propagation of the initiated crack along the fibre direction in the 

layer becomes energetically possible. The crack initiated at certain stress may 

propagate or not, dependent on the available energy for propagation at this stress 

level. The energy approach for crack propagation along fibres is described in [21-23]. 

The Mode I ERR for the steady-state crack growth along fibres can be written in 

terms of crack opening displacements     
   

 [22-24] 

     [   ]
   

  
     

   
           (3) 

In (3)    is the thickness of the damaged layer which in our case is the same for all 

layers,    is transverse modulus of the layer. The average normalized crack opening 
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displacement      
   

 is different in surface and in internal layers. Expression (3) is valid 

for low crack densities when stress perturbations from cracks are not interacting 

which is also the case in this paper. The following approximate functions for     
   

  

were presented in [21] obtained using FEM parametric analysis 
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For cracks in surface layer 
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For cracks in internal layer 
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In (4)-(8)    is thickness of the adjacent layer (in our case all layers have the same 

thickness,      ) and   
     is the modulus of the adjacent layer in the T-

direction of the cracked layer. Using the same elastic constants for CF UD composite 

as in FEM modelling we obtain 

    
       

    
                         (9) 

According to (3) the energy release rate (ERR) is 2.42 times larger in the surface layer 

and according to the ERR based crack propagation criterion the propagation of 

initiated crack in the surface layer would start at much lower thermal stresses. 

Summarizing the above discussion we can state that in thermal loading: a) the 

number of initiated cracks in surface layer is much higher; b) the number of 

propagating cracks in the surface layer is much higher. 
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3.2. Thermal fatigue results  

After certain number of cycles of thermal loading, one specimen was saved and 

the number of cracks in this specimen was counted along 53mm on both edges. Each 

data point for crack density in Figure 5 is the average on two edges of one specimen. 

First, the damage state resulting from two different thermal loading ramps can be 

compared. For all layer orientations the R2 (-60°C to 288°C) ramp induced more 

damage than R1 (-60°C to RT). One can think that the upper temperature in R2 

(288°C) is close to the stress free temperature, so less damage could be expected. 

However, data reveal that the interval between the minimum and maximum 

temperature,              at fixed      has important effect on the cracking 

in thermal fatigue. It is consistent with the Paris law for growth of individual crack in 

cyclic loading, stating that the crack growth rate is a power function of the ERR 

difference  

  

  
                                           (10) 

This relationship for intralaminar cracks was validated in [25] studying individual 

crack propagation in cross-ply tubes during mixed axial and torsional fatigue loading. 

Parameters   and   in (10) are expected to be material system dependent and, 

hence, different for plates 432 and 433. This is clearly seen in Figure 5 comparing 

data in different layers for plate 432 and 433 in R2 ramp.     is larger for R2 ramp 

than for R1 ramp (larger range of stress change between max and min temperature). 

Even if there is not enough data for quantitative parameter determination it is 

obvious that for plate 432 parameter   is larger: larger difference between crack 

density development in R2 and in R1. 

According to (10) in each ramp the average crack length which is proportional to the 

observed crack density grows linearly with the number of cycles. This trend can be 

seen in Figure 5 for cracks in internal layers but the relationship seems to be 

different for cracking in the surface +45-layer. The crack density is also much higher 

in surfaces layers.  
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Much larger crack density in surface layers was observed also in [26] where thermal 

cycling at cryogenic temperatures was performed. In [26] the crack density 

determined on the edge of 90-layer was also higher than in internal 45-layers. 

To explain these two features we have to recall that even in fatigue there is an 

initiation phase and propagation phase. Certain number of cycles       is required to 

initiate crack and a different number of cycles       is required for its propagation 

along fibres to cover the whole width of the specimen. If             the “fatigue 

life” (number of cycles for full development of the crack) is propagation governed, in 

contrary, if             the cracking in fatigue is initiation governed. In surface 

layer, see section 3.1, the ERR for crack growth along fibres is much higher than in 

internal layers and crack propagation is almost instant (initiated cracks instantly 

grow through the specimen). The initiation is a stochastic process with a certain 

probability. In [25-27] modification of the Weibull model was suggested and 

supported by experiments for density of initiated cracks in mechanical tensile cyclic 

loading. After adjustment of notation to our aims it is as follows  

  (    )

      
      [    (

  

    
)
 

]                   (11) 

The number of initiated cracks depends on parameter   which due to higher 

significance of surface defects is larger for surface layers. The shape of the 

dependence on the number of cycles in (11) is similar to the stress dependence of 

probability of failure in the Weibull distribution: S-shape with three regions. At 

certain stress, in the Region 1 of the cyclic loading (small    ) cracks are initiated only 

in a few weakest positions. Later on with increasing    (Region 2) the crack density is 

increasing faster because many positions have similar resistance to crack initiation. 

When the cyclic loading is continued a fewer number of new cracks are initiated 

because there are not so many positions in the layer left with high fatigue resistance 

(Region 3). In result the crack density growth rate slows down.  In the performed 

thermal cycling test thermal stresses are high and rather high crack density formed 

in the surface 45-layer already in the last stage of the manufacturing. This means 
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that for this layer the fatigue cracking starts in Region 2 and slows down when it 

reaches Region 3. 

 

 

Figure5. Edge crack density growth in two thermal fatigue ramps (R1 (-60;RT)°C; R2 (-

60;+288)°C : a) surface 45-layers; b) internal 45-layers; c) 90-layers. 

Comparing both plates, see Figure 5, in the R2 ramp the plate 433 is thermally more 

resistant. During ramp R1 the damage development in both plates is rather similar; 

the number of cracks is much smaller. However, ranking regarding the fatigue 

resistance is not possible due to the large scatter. The internal +45- and -45-layers 

show the same cracking behaviour, thus, they are considered together and the 

average crack density of all 45-layers is given in Figure 5b (counting cracks on both 

edges of the specimen). Validity of this procedure is demonstrated in Figure 6 which 

shows crack density in all layers on the edge of one 432 specimen after 150 cycles in 

ramp R2. It appears that internal 45-layers have slightly lower amount of cracks than 

in 90-layers after 150 cycles. In [26] the thermal fatigue caused crack density, 

determined on the edge, was also higher in 90-layer than in internal 45-layers. 
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Since the crack counting was on specimen edge the result is consistent with the 

transverse stress distribution in Figure 3: in 45-layers stress in the edge region is 

lower and in 90-layers higher than in the bulk of the specimen. In 45-layer case, not 

all cracks reached the edge and in 90-layer case some edge cracks did not propagate 

inside the layer.  

 

Figure6. Crack density distribution in the layers along thickness on the edge of 

specimen 432-18. (Cracks in 0_layers were not counted). 

 

Figure7. Cracks density dependence on the edge distance for thermally cycled 

specimen after 150 cycles in R2 

To investigate whether the edge cracks propagate inside the specimen and vice versa 

the edge of specimen 432-18 subjected to 150 cycles with R2 was polished to 

quantify the damage state at distance   from the specimen edge ( =0.9mm and 

then  =2.4mm). The results presented in (Figure 7) confirm expectations: a) the 

crack density inside the specimen is approximately the same in the 90- and internal 

45-layers; b) the crack density inside the internal 45-layers is higher than at edges 
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(d=0); c) the crack density on the edge (d=0) of surface 45-layer is similar as inside 

which proves that in the surface layer there is an excess of ERR for propagation in 

fibre direction and therefore, in contrast to internal 45-layers, almost all cracks reach 

the edge.  We do not see any reason for lower crack density on the edge of the 90-

layer and we believe that the variation shown for this layer in Figure 7 is a measure 

of scatter. 

The analysis given in this section is based on LEFM. In fact, it is not certain that in 

ramps with high upper temperature parameters   and   remain constant. More 

irreversible effects including aging can be expected at +288C which may lead to 

accelerated crack propagation when the lowest temperature is reached in the next 

cycle. Temperature gradients during the cooling down part of the cycle can lead to 

additional damage in surface layers. 

3.3. Aging results  

Specimens were exposed to 288°C in ambient air environment for certain amount of 

hours and cooled down to RT to count cracks on specimen edges. If the time at high 

temperature would affect the composite transverse failure properties (aging), 

thermal stresses at RT would introduce additional cracks. The crack density versus 

the number of aging hours is presented in (Figure 8), two specimens from each plate 

were tested.  

The counting was performed 24 hours after removing specimens from the oven. The 

crack density was not high enough to have significant effects of crack interaction on 

evolution. In a not aged specimen the surface +45-layers have the highest initial 

crack density (Figure 2) which increases linearly with the aging time reaching at the 

end of the test approximately 1cr/mm. The crack density on the edge of the 90-layer 

is increasing with a higher rate comparing to the surface +45-layer reaching about 

1.7cr/mm at the end of the test. The crack density in the internal ±45-layers starts to 

increase later, after around 400 hours of aging time and the cracking process is 

accelerating. Comparing the aging effect on crack development in both materials 

(plate 432 and plate 433) we cannot observe any clear difference in the behaviour. 



127 

 

 

Figure8. Crack density on the specimen edge versus aging time: a) surface 45-layers; 

b) internal 45-layers; c) 90-layers 

To establish whether the edge data are representative for the bulk of the composite, 

edge polishing of one 40 days aged specimen (433_2) was performed similarly as it 

was done for a thermally cycled specimen (see Figure 9). The results show that the 

damage state is very different than on the edge: in the 90-layer cracks are abundant 

only on the edge. The amount of cracks in the 90-layer away from edges is very 

similar to the number of cracks found on the edge of the same specimen before 

aging (originating from residual thermal stresses after manufacturing). It indicates 

that in the bulk of the 90-layer the material aging due to high temperature exposure 

for 40 days is rather small: most of the cracks initiated on the aged edge do not 

propagate inside the layer. 

The crack density in the internal 45-layers on the aged edge is much lower than in 

the 90-layers on edge. This has a simple explanation based on the stress distributions 

in Figure 3: even if the material on the specimen edge is significantly degraded, 

transverse stress in the 45-layers in this region is much lower than in 90-layers. The 

lower stress at the edge means that the middle part of the layer is still responsible 
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for crack propagation and, since the aging has not affected this part significantly, the 

crack density does not change with the distance from the edge. 

 

Figure9. Crack density inside a 40days aged specimen (A-433-2). 

During the aging test the surface 45-layers are subjected to contact with the high 

temperature environment not only in the edge region but also over the whole 

surface. Therefore more uniform material degradation can be expected in the layer 

leading to overall decrease in resistance to crack initiation and propagation. The 

stresses at the edge of surface layers after aging are as low as the stresses on the 

edge of the internal 45-layers but the available energy conditions are more 

favourable for a crack to reach the edge. Since the crack density on the edge of the 

surface layer is result of propagation from the inside of the layer, the crack density is 

lower than at the edge of 90-layers where the stress is magnified and were the 

initiation takes place. 

The phenomenon of the aged zone propagating from the specimen surface explains 

also the peculiar data in Figure 9 with the crack density in internal 45-layers apart 

from edges  being in average several times higher than in 90-layers (the propagation 

conditions are similar for both types of layers). More detailed analysis reveals that 

the crack density in internal 45-layer is a function of the distance of this layer from 

the laminate surface. The crack density in the layer next to surface layer is much 

higher than in 45-layers close to the symmetry plane of the laminate where the crack 

density is very similar as in 90-layers. This means that not only the surface layer but 

also the next layer has aged, which is expected because the thickness of one layer 
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(0.18mm) is much smaller that the size of the observed aged zone at the edge (about 

1 mm), even if the oxygen diffusion rate could be higher in fibre direction. 

The long exposure to high temperature in a direct contact with oxidative atmosphere 

generally leads to weight loss. An average of weight loss taken over 4 specimens 

from each plate is plotted versus the aging hours is Figure 10. The weight loss did not 

exceed 1.4% after 40 days of aging at 288°C.  

 

Figure10. Weight loss due to aging at 288°C 

The degrading effect of the contact with high temperature air is illustrated in Figure 

11 where the same position on the specimen edge is shown at RT before and after 

aging for 40 days. The colour of the surface has changed and the surface is rough 

(reminds calk) as if part of the resin material has fallen out especially from places 

with resin pockets or pre-existing cracks. Some additional cracks seen on the right 

are result of cooling down the specimen to RT after the aging test. 
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Figure11. Edge view of 432-6 specimen before and after 40 days of aging 

However, after edge polishing during the procedure to get data for Figure 9, the 

surface looks like the edge of an untreated specimen. It appears that only about 

1mm thick boundary layer at the edge of the specimen was oxidised and much 

longer time is needed to degrade the whole specimen. These results are consistent 

with the after aging cracking data presented in this section. The results provide 

evidence that this composite may be a good candidate for high temperature 

applications provided that the free surfaces are not in a direct contact with the air.   

Now when the thermal aging effect on cracking is described we have to address 

again the thermal fatigue results for ramp R2 in Section 3.2. During the thermal 

cycling test specimens were subjected for in total about 25h at 288°C (10 minutes in 

each cycle and for 150 cycles). Hence in the thermal cyclic loading, two effects could 

contribute to the damage development in the composite: the effect of possible 

fatigue during cycling and the effect of thermal aging due to the 25h at high 

temperature.  To investigate the effect of aging two specimens were kept at 288°C 

during 25h. It was found (Figure 12) that the specimens aged for 25h after cooling 

down to -60°C have fewer cracks than the specimens subjected to R2 cyclic loading, 

which confirms that only a part of the cracking in the thermal cycling test is due to 

aging. 
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Figure12. Aging and thermal cycling effects on edge crack density 

4. Conclusion 

Micro-damage evolution in two quasi-isotropic CF/polyimide composites for high 

temperature applications, with different resin composition, was investigated 

showing two phenomena: thermal fatigue and thermal aging.  

Firstly, the increasing intra-bundle crack density during thermal cycling was studied 

showing that the highest temperature in the cycle which has the lowest thermal 

stress level is of primary importance for damage developments. To separate the 

fatigue effects from possible material aging effects during the total time at high 

temperature, a separate group of specimens was aged for the time equal to the total 

time at the same highest temperature in the cycling test showing that aging is a part 

of the total degradation during cyclic loading.  

Secondly, the composite failure resistance during aging was analysed using the aging 

time as a variable. The resistance to cracking reduces with aging time and the crack 

density after cooling down to room temperature is increasing. Results show a large 

edge effect in composite degradation: the number of cracks inside the specimen is 

much lower than on the edge or in surface layers. Results and observed trends are 

explained using 3-D FEM edge stress analysis and linear elastic fracture mechanics. 
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ABSTRACT 

Intra-bundle cracking due to tensile transverse thermal stresses was observed in 

carbon fibre/ polyimide composite designed for high service temperatures. Both 

aged (288°C) and not aged specimens were tested in uni-axial quasi-static tension 

quantifying damage development. Differences and similarities in cracking in different 

layers were analysed using probabilistic approaches (simple non-interactive as well 

as Monte Carlo simulations). It is shown that cracking in off-axis layers not being in 

contact with the 90-layer can be predicted based on Weibull analysis of the 90-layer, 

whereas in layer which is in contact with the 90-layer the crack density is much 

higher due to local stress concentrations caused by cracks in 90-layer. The thermal 

treatment degraded cracking resistance in the surface layer and in the next layer 

whereas failure resistance of layers close to the mid-plane did not change. 

Keywords: Woven composite; fracture mechanics; micro-damage; tensile test; 

aging. 
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1. Introduction 

Applications in harsh environments have been driving improvement and 

development of new composite systems. Composites designated for aero-engine 

applications considered in the current paper need to perform good at high 

temperatures. Long exposure to elevated temperatures (aging) can cause changes in 

the morphology, strength and stiffness [1-3]. Therefore understanding the behaviour 

of a composite material in this type of environment is of great importance. 

The choice of the appropriate resin is the most critical issue for the high temperature 

composites. Development of high temperature polymeric resins was reported in [4] 

replacing an epoxy (highest service temperature about 135°C) by polyimide resin 

designing composites for service temperatures between 250°C and 350°C. 

The effect of thermal fatigue and aging on mechanical properties and microdamage 

development has been studied in many papers; see for example [5-7]. 

The main objective of the current work is to study multiple intralaminar cracking and 

delamination growth during tensile loading of quasi-isotropic carbon fibre/polyimide 

woven composites. The experimental findings in different layers are explained 

analysing the micro-cracking initiation and growth using stochastic initiation strength 

distribution approach and fracture mechanics, focussing on  

 differences in crack density growth in different layers 

 comparing composites with two modifications of the polyimide  

 analysing the effect of high temperature aging on intralaminar cracking 

2. Theoretical background 

Analysing multiple intralaminar cracking in laminates we have to distinguish two 

steps in evolution of each individual crack: initiation (growth mostly in ply thickness 

direction) and propagation along fibres in the layer. Utilizing Linear Elastic Fracture 

Mechanics (LEFM) concept, the crack will grow when the energy release rate (ERR)   

which is a quadratic function of stress, reaches or exceeds the critical value called 
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fracture toughness    . In composites the fracture toughness is different for 

different growth directions and depends on the fracture Mode mix. Since 

mechanisms in shear and transverse tensile failure are similar, we may expect that in 

a layer with  –orientation shear stress    
  will facilitate cracking caused by 

transverse stress   
 ; however, the role of transverse   

  is dominant. The stress 

state can be considered as a superposition of thermal stresses (zero shear stress in 

quasi-isotropic laminates) and mechanical stresses. Unfortunately reliable mixed 

mode criteria are not available and are difficult to establish experimentally. 

Therefore, in cases when the shear stress is several times smaller than the transverse 

stress, as it is in this paper, only Mode I is often considered, keeping in mind that 

adding Mode II would increase the number of cracks. 

According to LEFM growth conditions for a crack (notch) with a length   are entirely 

different for a crack in the middle of an infinite plate and at the edge of a semi-

infinite plate [8]: the critical stress level for growth is much lower for edge crack. The 

relationship between ERR for edge crack and internal crack growth at given stress is   

        

         
 (     √ )

 
            (1) 

In internal layer of a laminate the surface defect growth is suppressed by constraint 

from the adjacent layers and most probably defects from the middle of the layer will 

develop a crack. Therefore, for defect of a given size and at given stress   
  the ERR 

for its growth in ply thickness direction is higher for defect on the free surface of the 

surface layer than for the defect in internal layers.  After reaching certain size the 

crack growth becomes unstable and then slows down close to the interface with the 

next layer finally being arrested there [9-10]. In [11] relationship (1) was used for 

analysis of cracking in surface and internal layers of laminates resulting in the follows 

relationship between crack initiation stress in internal and surface layers of the same 

orientation 

       
       

         
                   (2) 

where 
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      √              (3) 

Intralaminar cracks initiate in stress concentration regions (local fibre clustering, 

voids, edges) and in weakest positions where the fibre/matrix interface or the matrix 

is “imperfect” (for example, defects due to impregnation problems in high fibre 

content regions). The crack initiation process is characterized by coalescence of 

fibre/matrix debonds leading to formation of a crack which grows in the ply 

thickness direction. It would be convenient to express the thickness direction growth 

criterion during initiation in terms of ply- scale stress state calculated using Classical 

Laminate Theory (CLT) and the factor   to reflect the difference between surface and 

internal layers.  

The initiation of a crack is a stochastic process with certain probability and with 

random position if the stress distribution is uniform along the layer. This is because 

the weakest position for the crack to come is related to local inhomogeneity with 

random location. The local fibre clusters of size of 3 to 5 times fibre diameters 

(         ) define the critical size when the coalescence of defects may be 

considered as an unstable crack. In simulations of crack initiation we assume that 

any layer in its transverse direction can be considered as consisting of a chain of 

elements of this size. The elements all-together follow the two-parameter Weibull 

strength distribution,  

        [ (
   

    
)
 

]           (4) 

but the location of an element with certain strength is random. According to (2) a 

larger amount of cracks is initiated in the surface layer of the quasi-isotropic 

laminate than in internal layer of the same orientation. Parameter   is introduced in 

(4) to reflect the favourable situation for crack initiation in the surface layer of the 

laminate.  

Performing Monte-Carlo simulation we randomly select, for example,        

elements from a virtually infinite pool of elements to create a specimen of length 

             . This selection does not exactly represent the initial Weibull 



143 

 

distribution which means that each selection is a new specimen of the same 

material. The selected specimen has certain transverse strength distribution along 

the transverse direction of the layer. The first crack will appear in the element with 

the lowest strength. After that, for any fixed damage state with given spatial 

distribution of cracks, the stress distribution is calculated using some model (shear 

lag, Hashin’s, etc…) and failure index (stress versus strength) is calculated in each 

element to find the position of the next crack. This procedure seems rather complex 

but in this way the interaction between cracks which weakens the stress field and 

delays cracking is accounted for. 

If the crack density in an ith layer is low enough to allow for large plateau regions in 

stress distribution between cracks, the probability of failure as a function of 

transverse stress can be estimated using expression  

   
  (  )

      
             (5) 

In (5)        is the maximum possible crack density in a layer corresponding to the so 

called “characteristic damage state”. Based on experimental observations 

          ⁄  where     is the thickness of the layer. Using the experimental crack 

density dependence on transverse stress to calculate   , we plot the    (    (  

  )) versus         and use the standard procedure to estimate Weibull 

parameters. The result is rather sensitive to the used data points on both extremes: 

data points at high crack density are affected by crack interaction whereas the stress 

at first crack varies a lot from specimen to specimen, requiring large amount of 

specimens to be reliable. The so obtained estimates of Weibull parameters can be 

used in Monte-Carlo simulations over the whole crack density region and adjusted to 

increase the accuracy. 

When the crack becomes sufficiently large in the ply thickness direction, propagation 

of this crack along the fibre direction in the layer may become energetically possible. 

The crack initiated at certain stress may propagate or not, dependent on the 

available energy for propagation (ERR) at this stress level. The energy approach for 
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crack propagation along fibres is described in [12-14]. The Mode I ERR for the 

steady-state crack growth along fibres in a layer can be written in terms of crack 

opening displacements     
   

 [13-15] 

     [   ]
   

  
     

   
           (6) 

In (6)    is the thickness of the damaged layer,    is transverse modulus of the layer. 

The average normalized crack opening displacement      
   

 is different in surface and 

in internal layers. Approximate expressions for     
   

  were presented in [12] based 

on results of FE parametric analysis. Using the same elastic constants for CF UD 

composite as in FE modelling in section 4.3 we obtain 

    
       

    
                         (7) 

Hence, according to LEFM the propagation of initiated crack in the surface layer 

requires much lower stresses than in internal layer of the same orientation. Results 

in section 4 will show that cracks in our composite have propagated across the 

specimen width, which means that an initiated crack is propagating instantaneously. 

Summarizing the above discussion we can expect that a) the number of initiated 

cracks in surface layer is much higher; b) in our composite all cracks propagate as 

soon as they are initiated. Therefore, focus in this paper will be on crack initiation 

which we will describe by the Weibull analysis discussed above. 

3. Experiments 

3.1.  Description of materials 

The two composites studied in this paper were quasi-isotropic [(+45/-45)/(90/0)]2s 

composites manufactured using 8-harness satin  weaves based on Cytec T650 carbon 

fibres and thermosetting polyimide resin denoted NEXIMID® MHT-R (MHT-R). This 

resin is provided as a low molecular weight phenylethynyl terminated polyimide 

resin containing a combination of 4-(Phenylethynyl)Phthalic Anhydride (4-PEPA), 
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end-group cross-linker and ethynyl bis-phthalic anhydride (EBPA) main chain cross-

linker.  

Two different plates labelled 432 and 433 were manufactured using resin transfer 

moulding (RTM). The material was cured at 340°C for 30min followed by 2.5h post 

cure at 370°C using 12 bar pressure. In the 433 plate, the MHT-R resin was mixed 

with 4% of A57, which is a reactive diluent added to lower the viscosity during 

processing.  

The volume fraction of fibres in composites is around 60%. Some mechanical 

properties of the T650/MHT-R quasi-isotropic laminate and manufacturing details 

are given in [16]. The amount of composite material available for testing was limited 

due to high cost and availability of resin. The composite exists only as a quasi-

isotropic woven laminate and therefore properties of unidirectional composite that 

would be useful for modelling are not available. 

In theoretical analysis the 8-harness satin meso-architecture of the composite is 

approximated by laminate with “layers” of certain bundle orientation. The average 

thickness of one “layer” (bundle) is approximately 0.18 mm. The bundle width is 

about 1.5mm which partially justifies the used “layer assumption”. 

3.2. Experimental procedures  

Specimens with dimensions 150mmx12mm were cut from each plate labelling with 

letter “A” specimens subjected to isothermal loading at 288°C for 960 hours (40 

days) in air environment and cooled down to RT for inspection. Edge polishing was 

performed using sand papers (P240, P600, P1200, P2500, P4000) followed by liquid 

diamond slurry (from 9micron to 0.25 micron).  

Tensile tests with displacement rate 2mm/min were performed at room 

temperature (RT). Strains were measured using extensometer with gauge length 

50mm. After reaching pre-described strain the specimen was removed from the 

machine and inspected using optical microscope. The respective number of cracks    
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over distance L (50mm) on the specimen edge was counted and the crack density in 

each layer was calculated as 

   
  

     
             (8)  

where   is the fiber orientation angle in the layer. 

The mesostructure and the damage state of all specimens were analysed under 

microscope before any treatment (not aged (NA)) and also after aging (A). Examples 

of NA specimens are shown in Figure 1. The main difference between both plates is 

in void content. The void content was measured using image analysis software (NIS-

elements BR) together with optical microscope. The void content was defined as the 

area fraction of voids from the observed surface. 

 

Figure1. Cracks caused by thermal stresses: a) NA-433; b) NA-432; c) A-432 – the 

same specimen as in b) in exactly the same position. 

4. Experimental results 

4.1. Void content and the Initial damage state 

The average void content was measured over the area of about 100mm2. From one 

specimen to another, the average void content in 432 varied from 0,3% to 2,4%. The 

measured average void content is not too high; however, the voids were not 

uniformly distributed in the material. When measured in a smaller window of 

1,15mm2 (0.93mmx1.24mm), the void content varied from 0% to 13% in the plate 

432, it was also a very high variability between specimens. In the 433-plate, where 

diluent was used to reduce the viscosity, the void content is very low (almost zero).  
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Most of the initial 90-layer cracks in plate 432 originate from interbundle voids (see 

Figure 1b, c).  

4.2. Damage state at RT in aged composites 

The time at high temperature affected the composite transverse failure properties 

and thermal stresses at room temperature introduced additional cracks. The 

evolution of the density of these cracks with increasing aging time is reported in [17]. 

The crack density was much higher than before aging but not high enough to have 

significant effects of crack interaction on evolution.  

The effect of aging on crack development shown in Figure 2a is very similar in both 

composites (plate 432 and plate 433; “4” and “6” is identification number of a 

particular specimen). 

 

Figure2. Crack density on the specimens edges after 40days of aging: a) d=0, b) as a 

function of distance d from the edge. 

Edge polishing of one aged specimen was performed to establish whether the edge 

data are representative for the bulk of the composite. Figure 2b shows the damage 

state as a function of a distance   from the specimen edge. For example, cracks in 

the 90-layer are abundant only on the edge. Away from edge the number of cracks is 

similar to the number found on the edge of the same specimen before aging. Most 

of the 90-layer cracks initiated on the aged edge do not propagate inside the layer. 

The degrading effect of the contact with high temperature air is illustrated in Figure 

1b and 1c showing the same position on the specimen edge before and after aging. 
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The colour of the surface has changed and the surface is rough; small parts of the 

resin material have fallen out especially from places with resin pockets or pre-

existing cracks. However, at          the polished surface looks like the edge of 

an untreated specimen. It indicates that only about 1mm thick boundary layer at the 

edge of the specimen was heavily aged. It was decided to remove this layer by 

polishing before tensile testing was performed to inspect for possible degradation in 

the bulk of the composite. 

The surface 45-layers have been subjected to contact with the high temperature 

environment not only in the edge region but also over the whole surface. Therefore, 

overall decrease in resistance to crack initiation and propagation is expected in this 

layer and the thermal crack density is indeed high also in the bulk of the surface 

layer. Even the next to the surface -45-layer, which is only 0.18mm from the surface 

of the specimen, is degraded. This is reflected in the average crack density over all 

internal 45-layers, which in the bulk, is higher than in 90-layers.  

4.3.  Damage state in mechanically loaded specimens 

As mentioned in Section 4.2 the edge zone of aged specimens was severally 

damaged and it was removed by polishing before the stepwise mechanical testing 

started. The effect of aging on cracking resistance was still expected to be different 

in surface and in internal layers. Mechanical loading introduced more cracks and also 

delaminations between layers. Due to limited amount of specimens, sectioning of 

the specimen before the final test step (the highest strain level) was not possible, 

and the multiple cracking results presented in following sections are based on edge 

observations only. 

From other side, cracks approaching the edge from the inside can be stopped due to 

the lower stress in the edge region, thus, not reaching the edge. Even for undamaged 

laminate the stress state at the edge is 3-D and the features of stress concentrations 

are different in different layers. The edge effects in thermal and uniaxial mechanical 

loading are different and the summary effect is a linear superposition of the two, 

where the thermal part remains unchanged whereas the mechanical part grows 
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linearly with the applied strain. The possible problems with edge observations and 

also the possible effects of edge stresses on damage initiation were estimated 

analysing stress distributions and also comparing the damage states experimentally. 

3-D FE stress analysis was performed to study edge effects. The upper part of the 

laminate with [(+45/-45)/(90/0)]2s configuration was modelled assuming that the 

bundle meso-structure can be homogenized in this evaluation which is more of a 

qualitative nature than a quantitative characterization of stresses. The bundle 

width/thickness aspect ratio in the composite is rather large (3mm/0.18mm=15) and 

therefore only a small region in the transverse direction of the bundle (close to the 

interface with the resin pocket) has complex in-plane stress distribution stress 

distribution. Generally speaking in this region in-plane stresses when averaged over 

bundle thickness are lower than on the central part of the bundle where iso-strain 

conditions of all bundles are rather accurate. Therefore, in the main part of the 

bundle CLT analysis may be used for stress estimation replacing the bundle meso-

structure by layered structure. The laminate type of solution for transverse stress 

and in-plane shear stress, of course, is not valid close to the matrix pocket; however, 

observations (see Figure 1) show that cracks are not concentrated in these regions 

only. Calculations in [18], for Non-crimp fabric composites have shown that in 

mechanical loading the average transverse strain in the bundle with considered 

aspect ratio is around 5% lower than it would be in a laminate which is not large 

comparing to the transverse strength variation according to Weibull distribution. 

Certainly there are regions in woven composites where fibres do not have in-plane 

orientations and replacing by laminate there is meaningless, however, in 8-harness 

satin they are not the most typical regions of damage. Another region where the 

laminate theory solution is not valid is the edge of the specimen (for laminates as 

well as for bundle structures) and 3-D FEM analysis is performed to reveal the 

differences. This discussion is indicating the FEM studies on laminated structure can 

be useful to understand edge effect in damage in the considered composite. 

The thermo-elastic constants of the UD composite assumed in analysis are:  
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E1 = 141.025 GPa, E2 = 8.821GPa, ν12 = 0.265, ν23 = 0.442,  

G12  = 3.620 GPa, G23 = 3.110 GPa, α1 = 0, α2 =25e-6 °C-1. 

The simulated specimen was long in x-direction to have a region with x-independent 

stress state. The specimen width was varied between 4mm and 30 mm whereas the 

laminate thickness was 3mm. These dimensions were selected to have isolated 

effects from both edges as well as interactive ones.  

According to CLT transverse thermal stress,   
   for the assumed properties and 

       is 53 MPa.  The CLT   
   is the same for all layers in a quasi-isotropic 

laminate and the CLT thermal shear stress    
    . The in-plane thermal stress 

distributions at the edge are presented in Figure 3. The    
   in layers, see Figure 3b, 

is significantly lower than   
   . In Figure 3a, we observe clear differences in the edge 

region between transverse stresses in    -layers and in 90-layers  

  In 90-layers the transverse stress is magnified by approximately 20% on the 

edges comparing to CLT stress. 

  In all 45-layers it is about 30% lower than the CLT stress.  

Whereas thermal stresses are not changing during the tensile test, the mechanical 

stress is proportional to the applied strain. In Figure 4 the mechanical transverse, 

   
  and in-plane shear stress    

  distributions in layers are shown for applied 

strain     . 

 

Figure3. Thermal stress distributions in [(+45/-45)/(90/0)]2s laminates of finite width 

W=4mm: a) transverse stress   
   ; b) in-plane shear stress    

   . 
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Figure4. Mechanical stress distributions in [(+45/-45)/(90/0)]2s laminates of finite 

width W=30mm: a) transverse stress   
  ; b) in-plane shear stress    

 . 

At 1% strain the total transverse stress   in the 45-layer is   
                

whereas the shear stress    
               , (

  

  
     ). At lower loads the 

fraction of the shear stress is even lower. For this reason, analysing failure in next 

section we will neglect the shear stress contribution assuming that crack initiation is 

by transverse stresses. Comparing predictions with data we will show the 

applicability of this assumption.  

The mechanical transverse stress   
  at the edge in Figure 4 has the following 

features: 

 In 90-layers it is magnified by 50% comparing to the CLT value. However the 

stress concentration zone is very small (1mm).  

 In the internal +45-layers it is by 30% lower than in the CLT zone. In the 

surface layer the reduction is 60% 

 In the -45-layers there is a magnification about 10% comparing to CLT value.  

The in-plane shear stress    
  in all 45-layers is magnified in the edge region by 20 to 

40%.  Superposing the mechanical and thermal edge effects we can conclude that 

there is transverse stress magnification in 90-layer but not in 45-layers. The shear 

stress is magnified at the edge of 45-layers which may “compensate” for the lower 

transverse stress in this region leading to rather uniform conditions for damage 

initiation in these layers. In terms of crack density there is a risk that in 90-layers 

more cracks are in the edge zone because of higher transverse stress making edge 
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observations unreliable. In 45-layers the crack density on the edge may be more 

representative. However, edge delaminations linking cracks are increasing the 

significance of each crack in stress reduction and lowering the probability of new 

cracks initiating between two existing cracks, thus, working against the edge effect in 

stress distribution in 90-layers. 

These questions were resolved experimentally comparing damage statistics on the 

edge with the damage state quantified (after polishing) at several distances from the 

edge. In this inspection one NA specimen after loading to 1% strain and one aged (A) 

specimen after loading to 0.7% strain were used.  Figure 5 shows crack density in 

different layers as a function on the distance from edge. There is no statistically 

confirmed trend with more cracks on the edge of the specimen. This conclusion 

holds for NA as well as for A specimens. 

 

Figure5. Crack density versus distance   from edge: a) NA-432, ε=1%, b) A-432, 

ε=0.7%. 

The delamination length was measured and normalized with the interface length 

(equal to the total observed length L=50mm). Table1 presents the normalized 

delamination length for each interface in a NA specimen after loading to 1% strain. 

At the edge the normalized delaminations are larger (more than 20%) at interfaces 

closer to the laminate surface. However, already at         from the edge the 

delaminations are much smaller and they practically disappear at        .  
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Table1Normalized delamination length 

 

The rather uniform crack density in Figure 5 means that most of the initiated cracks 

had enough of ERR to propagate along the fibre direction. The hypothesis is that the 

45-cracks initiated in the bulk part could reach the edge and the 90-cracks initiated 

at the edge could propagate through the bulk of the layer. However, at the edge of 

the 90-layer we have stress concentrations but also edge delaminations relaxing 

stresses. Based on the data presented in this section we cannot resolve whether 

they are self-compensating or not and whether the edge is or is not the initiation 

region for most of the cracks in the 90-layer. Further information on this subject will 

be given in section 5 where Weibull analysis will be applied to 90-cracks and the 

results will be used to predict multiple cracking in 45-layers. 

Nevertheless, the presented results give sufficient confidence in ability of edge 

observations to represent the damage state and in the analysis presented in next 

section.  

5. Damage accumulation analysis 

  

Percentage of delamination length from the 
total observed length (%) 

 
Interface 

Before 
polishing 

Polishing 
d=0.5mm 

Polishing 
d=1.5mm 

Top I: surface+45/-45 27.4 0.0 0.0 

  I: -45/90 21.3 5.4 0.0 

  I: 90/0 13.3 1.2 0.0 

 
I: 0/+45 0.5 0.0 0.0 

  I: +45/-45 15.3 1.5 0.0 

  I: -45/90 9.0 1.3 1.0 

  I: 90/0 1.6 0.5 0.0 

 
I: 0/90 2.1 1.5 0.5 

  I:90/-45 5.0 4.3 0.4 

  I: -45/+45 13.3 5.0 0.0 

  I:+45/0 0.0 1.0 1.2 

 
I: 0/90 9.3 9.5 0.0 

  I: 90/-45 24.7 12.4 0.5 

 Bottom I:-45/surface +45 14.8 14.8 1.0 
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Measurements show that the growth of crack density is different in different layers. 

We will first analyse the damage evolution in 90- and +45-layers comparing both 

composites before and after aging. Then we will analyse the behaviour of -45-layers 

which is rather different than the behaviour of +45-layers.  

5.1.  Multiple cracking in 90- and +45-layers of not aged (NA) composites 

Analysing cracking in the 90-layers of the 432 NA laminate, first, the crack density 

dependence on transverse stress was obtained from the applied strain (using CLT) 

and the estimated thermal stresses. Using (5) the experimental crack density data for 

90-layers was transformed to probability of failure and (4) was used to estimate 

Weibull parameters. The values for these parameters for both composites (aged as 

well as not aged) are given in Table 2. The log-log relationship is shown in Figure 6a. 

The first point on the left corresponds to crack density due to thermal stresses with 

rather uncertain stress value. The last three points deviate from linearity which is a 

sign of crack interaction. According to Figure 6b, where the test data and the 

simulation using (5) (solid line labelled    and referred as    -approach) are shown, 

deviation starts at              . In Figure 6b Monte-Carlo simulations with the 

same parameters are also shown (different symbols for shear lag and Hashin’s 

model) demonstrating noticeable deviation between the   -approach which ignores 

crack interaction and Monte-Carlo simulations accounting for it, starting at 

              which is much lower than               estimated from 

deviation between the    approach and experimental data. Of course, the result of 

the Monte-Carlo simulation depends on the used stress model and it is well known 

that Hashin’s model overestimates the interaction of stress perturbations, whereas 

in the shear lag model case the result depends on the used modification (we used 

shear lag model which assumes existence of a resin rich region of thickness 

          between layers). Nevertheless, Figure 6b confirms the conclusions 

from [19] obtained from probabilistic consideration: a) crack interaction starts to 

affect results at rather low crack density; b) for non-uniformly distributed cracks 

interaction effects are noticeable at lower crack densities than for uniformly 

distributed cracks.  
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Returning to results of Monte-Carlo simulations in Figure 6 we have to conclude that 

the Weibull parameters obtained using (5) (   - approach) are rather inaccurate: the 

parameters in Table 2 give good fit to used data but they are not the real Weibull 

parameters. 

Since the “real” parameters determined from Monte-Carlo simulations are always 

related to some specific approximate stress model, and the goal of this paper is 

rather a qualitative explanation of observed phenomena then a “quantitative 

perfection”, we will use, when comparing damage development in different layers, 

different composites as well as the effect of thermal aging, the    -approach 

because of its simplicity.  

The Weibull parameters from Table 2 were used to predict crack density in internal 

+45-layers and in the surface +45-layer of the NA-432 laminate. All internal +45-

layers behave in a very similar way. The data and simulations using the   -approach 

are presented in Figure 7 which shows good agreement proving that a) cracking in 

+45-layers has the same transverse stress dependence as in 90-layers, indicating 

that the edge effects in 90-layers discussed in section 4 are not significant; b) at 

least for low loads the effect of shear stresses in cracking simulation can be 

neglected. At low strains the predicted crack density in +45-layers is slightly higher 

than the experimental which can be attributed to the “imperfect” parameter 

determination in 90-layer and to the discussed edge effect in 90-layer.  
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Figure6. Cracking in 90-layers (NA-432): a) Weibull plot of test data; b) crack density 

versus transverse stress   
  ,   -approach (4); Monte-Carlo simulation using shear 

lag and Hashin’s models 

Table 2 Weibull parameters from 90-layer cracking 

Composite m σ0 (MPa) 

432-NA 7.84 135.2 

433-NA 8.33 138.8 

432-A 6.88 134.0 

433-A 7.3 144.2 

 

 

Figure7. Crack density growth with strain in +45-layers of NA-432 (data and 

predictions using Pf approach) 

The crack density in the surface +45- layer, shown in Figure 7b is significantly higher 

with many cracks existing before mechanical loading. The Pf –approach with     
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gives the same prediction as for internal +45-layers. An attempt to use in 

simulations equation (4) with       √   also failed – far too high crack density 

was predicted, see Figure 7b. As a good fitting value        was found, but this 

values is missing any fracture mechanics meaning and as shown in following it does 

not work for other cases. 

These results show that the discussion in section 2 regarding the role of the free 

surface on defect growth has been oversimplified. In fact, the       √  effect 

has been proven by computation micromechanics simulations for the first crack only 

[20]. It is incorrect to assume that in the surface layer of the laminate all cracks will 

initiate at the free surface: even assuming that the defect state is uniform across the 

layer (it is just an assumption- in reality there could be resin rich region at the 

surface changing the statistics) only the first cracks will originate from the largest 

defects close to the surface, but after that the largest remaining defects are not on 

the surface of the layer and sooner or later it will be their turn to grow. Thus, the 

multiple crack initiation in the surface layer should be a mix of cracks coming from 

the surface and from the interior of the layer. May be the first group of cracks could 

be characterized by       √  in (4) whereas the second group by    . An 

indecisive support to this is given by Figures 7b and 8b where the first cracks in the 

surface layer are close to predictions using       √  whereas later the crack 

density becomes closer to the      curve. If so, these two predictions could be 

used as an upper and lower bounds to the cracks density. Unfortunately, cracks 

interaction would have a similar effect: at high crack density cracks in surface layers 

are interacting much more than in internal layers. 

The crack density growth with strain in 90-layers of the NA-433 plate which has 

slightly modified composition is shown in Figure 8a. This relationship was used to 

estimate Weibull parameters, see Table 2, using (4) and (5) as described above for 

NA-432 plate. These parameters were used in the    -approach to predict cracking in 

+45-layers. The predictions, shown with solid line in Figure 8a, are in a good 

agreement with cracking evolution in this layer.  
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Figure8. Microcracking development in NA-433 

Similarly as for the 432 composite, cracking in the surface +45-layer does not follow 

any of the discussed rules regarding. The rather trivial conclusions are: a) fitting with  

       is not good for this composite; b) the crack density is indeed between the 

bounds defined by       √  and     being closer to the former at lower crack 

density and tending to the latter with increasing crack density. 

Comparing results for NA-432 (with voids) and NA-433 (no voids) presented in this 

section we do not see large differences. Even the Weibull parameters are very 

similar and the differences most probably are due to scatter and a different number 

of available data points. A real difference is in surface layers, where 433 laminate, 

without voids, has more cracks before mechanical loading and also during increasing 

mechanical loading. Indeed, the role of voids may be dual: they act as stress 

concentrators and first cracks appear at lower stress, but they also lead to larger 

stress relaxation after the crack is created and linked to the void (especially in a 

surface layer where one surface is free). That may delay appearance of new cracks. 

This phenomenon was described in [21-22] showing that in mechanical fatigue the 

cracking starts first in layers with voids but with increasing number of cycles the 

difference in crack density diminishes.  

5.2.  Multiple cracking in 90- and +45-layers of aged (A) composites 

The crack density in aged composites was analysed as described in section 5.1. First, 

the Weibull parameters, see Table 2, were obtained from 90-layers cracking data. 

These parameters were used in the    -approach to predict crack density growth in 
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45-layers, see Figure 9 for A-432 and Figure 10 for A-433. For internal +45-layers in 

both aged laminates predictions are in good agreement with test data.  

Similarly as for NA specimens, the crack density in the surface layers could not be 

predicted: it is even outside the previously defined bounds. The latter means that 

the surface layer has different failure properties than the internal layers: it has aged 

and therefore   is much higher than in NA case. It seems that the surface layer of the 

A-432 composite has aged more than that of the A-433 composite: the crack density 

at zero loads is higher and it is growing faster in A-432 composite. Partially it could 

be explained by voids in the 432 providing pathways for oxygen during the aging 

test. 

 

Figure9. Microcracking in A-432 composite 

 

Figure10. Microcracking in A-433 composite 
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The probability of transverse failure in 90-layers of both composites, not aged (NA) 

and aged (A), can be compared from plots in Figure 11. The behaviour is very similar. 

Aging has not affected the damage behaviour of 90-layers.  

 

Figure11. Probability of transverse failure curves for 90-layers of 432 and 433 

composites: not aged (NA) and aged (A) 

5.3.  Extraordinary cracking pattern in -45-layers 

In a not damaged quasi-isotropic [(+45/-45)/(90/0)]2s laminate the CLT stresses in 

+45 and -45-layers are exactly the same and, therefore, the same development of 

multiple cracking could be expected in both types of layers. Nevertheless, data 

presented in Figure 12a and Figure 13a show many more cracks in -45 layers than in 

internal +45-layers. 

 

Figure12. Cracking in -45-layers of the 432 quasi-isotropic laminate (layers are 

numbered L3, L7 regarding their position with respect to mid-plane): a) NA; b) A. 
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Figure13 Cracking in -45-layers of the 433 quasi-isotropic laminate (layers are 

numbered L3, L7 regarding their position with respect to mid-plane): a) NA; b) A. 

In these figures the    -approach simulations, which describe cracking in +45-layers 

very well, are shown as solid lines. Crack density is shown separately in L3 layer 

which is close to the mid-plane and in L7 layer which is close to the surface.  

For not aged specimens there is no systematic difference between L3 and L7 layers. 

The crack density in -45-layers is similar as in +45-layers only in the very beginning of 

cracking. After 0.6% strain the crack density in -45-layers is almost two times larger 

than in +45-layers. The only explanation for this difference is in stress concentrations 

due to damage developing in neighbouring layers. An internal +45-layer has 0- and -

45-layers as adjacent layers. There are no cracks in 0-layers (except some thermal 

cracks) and cracks in the adjacent -45-layer are perpendicular to expected cracks in 

the +45-layer with small effect of their stress concentrations. In contrary, the -45-

layer is surrounded by +45 layer (the same marginal effect from cracks in this layer) 

and by 90-layer where crack density increases first. Cracks in 90-layers cause strong 

stress concentration in the adjacent -45-layer. These cracks, often called stitch cracks 

due to their appearance [23-24], have been observed in mechanical as well as in 

thermal fatigue and also in quasi-static loading. There is no difference in cracking of 

NA-432 and NA-433 laminates.  

In aged specimens (A-432 and A-433 in Figure 12b and Figure 13b)) the difference in 

cracking between L7 layers and L3 layers is very large. Whereas in the L3 layers the 

cracking is in average the same as in not aged specimens, the crack density in L7 
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layers is much higher. An obvious explanation for that is aging: layers close to the 

laminate mid-plane have not aged and only the surface layer and the L7 -45-layer 

are.  

6. Conclusions 

Intralaminar cracking in tensile loading of two quasi-isotropic CF/polyimide 8-

harness satin composites, with different resin composition, was investigated 

analysing effect of thermal aging at 288C for 30days.  

Numerical analysis and following fractography showed that the intralaminar cracking 

state on the edge gives a good representation of the damage inside the composite. 

Cracking in different layers of a laminate was quantified and analysed using Weibull 

transverse strength distribution for crack initiation probability. A simplified 

parameter determination and cracking simulation scheme is suggested and results 

are compared with Monte-Carlo simulations based on shear lag as well as Hashin’s 

stress models. 

Cracking in internal +45-layers could be adequately predicted based on Weibull 

analysis of 90-layers. The crack density in the surface +45-layer was much higher 

even for not aged specimens, which is explained by free surface effect on crack 

initiation. Cracking in 45-layers adjacent to 90-layer is significantly accelerated by 

stress concentrations from cracks in the 90-layer. 

Aging degraded about 1mm of the composite at the specimen edges (this region was 

removed before mechanical testing) and also the whole surface layer and the layer 

next to it whereas failure properties of central layers were not affected. Any 

noticeable effect of voids on damage state was not observed. 
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