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Summary 

Summary 

The introduction of elastomeric matrices in knitted composites results in rubber-elastic behaviour 
with strain hardening. In this study the inlluence of pre-stretching on the deformation behaviour of 
knitted composites was investigated. 

A constitutive model is proposed for the deformation of llexible knitted composites in uniaxial 
extension. In the model the composite is divided into a composite contribution and a Langevin 
spring placed in parallel. The initial deformation behaviour of knitted composites could be 
described fairly well with general theories for the mechanical behaviour of fibre-reinforced 
composites. Due to the differences in micromechanical backgrounds in rigid and flexible knitted 
composites, two models are needed. For rigid knitted composites a model based on the orientation 
of fibres is used, whereas the behaviour of llexiblc knitted composites is described by a model 
based on stress build-up in the fibres. For the implementation of strain hardening in llexible knitted 
composites, a constitutive relation based on the LlDgevin function is investigated. The model only 
requires two material parameters, i.e. an initial modulus and a maximum chain extensibility. The 
results of this model are compared with experimental results for various degrees of pre-stretch. 
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1. Introduction 

Textile structures are increasingly being used in reinforced plastics. Until recently, the use of 
textiles as a reinforcement for polymer matrices was solely governed by woven textiles, whereas 
knitted textile structures were discovered as a reinforcing material only a few years ago. Research 
programmes were initiated to get a better unders!'1nding of the behaviour of composite materials 
using knitted fibre structures. For example in 1994 two Brite Euram projects have been awarded by 
the European Community. 

Problems with existing structures, like for instance low production rates in braiding and moderate 
drapability of woven structures, were the main reasons to look out for new structures in fibre 
reinforcement. Knitted fabric is a textile material which satisfies these demands, e.g. it can be 
produced at high production rates and the deformability of the loop structure provides drapability. 
Another advantage is that production is possible without loss of material. Because of the flexibility 
of the preforming process, materials c.1n be knitted in the desired shape, even if the surface of the 
product is double curved. 

Up to now, the stretchability was solely used in composite preform manufacturing before the fibres 
were fixed in the composite by curing, or in the case of thermoplastics cooling. For matrix material 
in knitted composites predominantly stiff polymers, such as epoxy and polyester, are used. 
However, by embedding fibres in a matrix material that would be able to deform together with the 
fibres until these are fully stretched, moderate values for strength might be combined with 
exceptional high failure strains, leading to high levels of energy absorption. Investigating the 
characteristics of knitted structures using flexible matrices was therefore the main objective of this 
research. 

Since the existing models for the prediction of the mechanical properties of knitted composites are 
not applicable for stiffness and strength calculations of flexible knitted composites, the second 
objective was to develop models which are able to predict strength and stiffness of such material. 

This report describes the mechanical properties of knitted composites in the wale direction of 
tubular weft-knitted fibre structures, i.e. the on-axis direction. The emphasis of this study will be 
on the nonlinear stress-strain behaviour and strength of llexible knitted composites, but for 
comparison composites based on highly cross-linked epoxy matrices will also be described. 
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2. Knitted composites: technique and terminology 

2. Knitted composites: 
Technique and terminology 

Textile materials, including knits, have a long history in the clothing industry. As old as the 
technique is the terminology, which has developed throughout the years. Although in some cases 
terminology will be probably known, it is impork1nt first to mention specific terms, which are the 
basis for the overview of the speciality and the comprehension of the following chapters. First, the 
textile structures will be treated, after which the knitted structures will be studied in depth. 

Textile preforming plays an important role in the processing and performance of composites. By 
proper selection of textile preforming processes, the fihre architecture can be tailored to provide a 
wide range of combinations of fibre volume fractions and fibre orientation. Ko (1] states that new 
and modified processes have been developed to introduce the combined features of advanced 
preforming. Triaxial weave was developed by Dow to address the lack of off-axis reinforcement in 
woven fabrics. The non-linear yarn and high porosity issue in knitted fabrics was addressed by 
linear yarn insertion as in case of multiaxial warp knit. Braiding, on the other hand, possesses all 
three features of advanced preforming. Until recently, braiding has been considered of limited 
commercial value for composites because it is limited to small product size and low productivity. 

In this overview, textile fibre-reinforcement techniques and their main characteristics are listed in 
Figure 2.1. 
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Figure 2.1: Overview of textile structures used for reinforcement [Ko, 2]. "MWK" = multiaxial 
warp knit, "LJ" = laid-in yam system 
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2. Knitted composites: technique and terminology 

Knitted structures are fonned by interlacing, which consists of forming yarn(s) into loops of which 
each is typically only released after a succeeding loop has been formed and intermeshed with it 
resulting in a secure ground structure. The loops are also held by the yarn passing from one loop 
into the next [3]. 

Knitting can be divided into two main categories: weft knit and warp knit (Figure 2.2), which 
differ in the way they are built up. Weft knitted fabrics are produced out of one single fibre which 
is moved past the needles and in warp knitting the needles are moved past a group of stationary 
yarn feed positions. 

course 

Figure 2.2: Main categories in knitting: weft knit (left! and warp knit (right) [4J 

In the following part some general terms and principles of knitting technology will be explained. 
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A course is a predominantly horizontal row of loops (Figure 2.2) produced 
by adjacent needles during the same knitting cycle. A wale is a pre
dominantly vertical column of loops produced by the same needle at 
successive knitting cycles and thus intermeshing each new loop through the 
previous loop . 

The (needle) loop (Figure 2.3) is the simplest unit of knitted structure and 
consists of a head (H), two side limbs or legs (L) and two feet (F). 

In COurse direction, the loops are joined by a piece of yarn which is called 
the sinker loop (S), In wale direction the loops are joined by four possible 
intermeshing points: two at the head ilnd two ilt the feet. Intenneshing 
points arc those points, where adjacent loops touch each other. 

Figure 2.3: Needle loop 

The knitted stitch is the basic unit of intermeshing and usually consists of three or more 
intermeshed loops, the centre of the loop having been drawn through the head of the lower loop 
which had in turn been intermeshed through its head by the loop which appears above it (Figure 
2.4). 
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Figure 2.4: 

2. Knilled composites: technique and terminology 

Stitch length is theoretically a single length of yarn which includes one 
needle loop and half the length of the yarn (half a sinker loop) between 
that needle loop and the adjacent needle loops on either side of it. General
ly, the larger the stitch length the more elastic, porous and lighter the 
fabric. 

Stitch density is used in knitting instead of a linear measurement of courses 
and wales. Therefore, the total number of needle loops in a square area is 
measured. Stretchability is related to the stitch density. When the density is 
high the material is tight, whereas in case of low densities the material is 
highly stretchable. This stretching (Figure 2.5) can be done either in course 
or in wale direction, as well as in both course and in wale direction 
(biaxial). 

Intermeshed loops 

Figure 2.5: 

t t t t t 

II 
11111 

Stretching of the knilled structure, in course direction (left) and in wale direction 
(right) [5J 

Stretching of the fabric before impregnation appears to have large influence on the composite 
behaviour, as was observed by other investigations [6-91. Therefore, specimens with different 
degrees of so-called pre-stretch were tested. Pre-stretch is defined as the length of a fixed number 
of loops in wale direction of the tubular knit compared with a reference situation before it is em
bedded in the matrix. 

In our case, the reference situation, being the 0% pre-stretch, is chosen to be the length of a fixed 
number of loops in wale direction when loaded by a tensile force of 1.5 N. At this pre-stretch, the 
value for the stretch A, being the actual length divided by the original length (LlLo), equals 1. The 
degree of pre-stretch iL.elf is noted as A,. 

In composite materials, there is a clear difference between the raw materials and the final product. 
Therefore, the plain knitted structure, consisting only of fibres, will be called a textile structure or 
fabric, whereas the final product will be called a knilled composite. 

The knitted composite consists of matrix and fibres. The matrix material fills up the space between 
the fibres in the bundle and inside the loop. Single fibres will be called filaments when their sole 
behaviour is regarded. When the general behaviour of fibres is meant the term fibres will be used. 
When they are joined in bundles the term fibre bundle or yarn is used. 
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3. Experimental procedures 

3. Experimental procedures 

In this Chapter the experiment.11 procedures are described. The basic materials are tested to obtain 
the deformation behaviour of the raw materials, which are used in the following Chapters for the 
modelling of the composite behaviour. 

3,1 Materials and specimen preparation 

In this study the knitted structure was based on glass fibres produced by PPG Industries Fibre 
Glass b.v., having the following properties (PPG Technical Manual): 

Type: 1383 
Number of filaments: 800 
Tensile strength: 2600 [MPa] 
Tensile modulus: 73 [GPa] 
Elongation at break: 3.5 [%] 
Filament diameter: 13 [,urn ] 
Density: 2.6 [g/cm'] 
Tex-value: 300 [Tcx] 

Two types of matrices were used. Flexible knitted composites were based on an EPDM-rubber (an 
elastomer based on Ethylene, Propene, and Dyene Monomers) type Keltan ™ 520 produced by 
DSM. For comparison an epoxy resin of Ciba-Geigy based on bisphenol A (Araldite ™ L Y556) in 
combination with a curing agent of Texaco (Jeffamine T403) was used. Glass fibres were knitted 
by Buck GmbH, Technische Strickereiprodukte with 4 stitches per inch. The fibres were knitted 
into tubular fabric. Therefore, a (flat) specimen always consisted of a minimum of two layers. This 
also implies that the sample width is dependent on the degree of pre-stretch of the knitted textile. 
In Figure 3.1 the influence of stretching on the width of the tubular fabric is shown. 
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Figure 3.1: Influence oJ stretcillng III wale dzreclum 0/1 stretch degree in course direction 
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3. Experimental procedures 

Due to the lack of adhesion and/or stress build-up in the fibres in the flexible composites, cutting 
of the specimens in length direction as a method to obtain test specimen of a specific size destroys 
the coherence of the knitted structure and was therefore not considered. When the composite is 
loaded, stress build-up takes place over a length larger than the distance between the intermeshing 
points. This is the result of the low shear modulus of the elastomer and will be discussed in more 
detail in Section 5.2. Even in the ClIse of good bonding, the critical length of the fibre would be 
longer than the distance between two intermeshing points. Moreover, in EPDM/glass composites 
the impregnation and the fibre-matrix bonding are moderate. Both effects contribute to the fact that 
the cut fibre ends are pulled out of the matrix. In order to avoid cutting, the manufacturer has 
knitted the yarns at a width which is adapted to the specimen size. The width and thus the number 
of loops in a row is taken minimal (28 per row, dependent on the configuration of the knitting 
machine) to reduce the influence of stresses in course direction on the stress in wale direction. 

For processing, the EPDM rubher was dissolved in Xylene and mixed at 80°C for 10 hours. After 
cooling, 1 mass percent dibenzoylperoxide was added to the solution to initiate the polymerization. 
The chemicals were mixed until a homogeneous solution was obtained. Subsequently, this solution 
was poured in a flat mould. For each sample three sheets were formed, two rubber sheets and one 
knitted fabric impregnated with rubber. After evaporation of the solvent the sheet with the knitted 
fabric was placed between the two EPDM sheets and subsequently placed in a second mould to 
prevent side flow during curing in a hot-press for 2 hours at 120°C. This manufacturing procedure 
resulted in flat specimens with dimensions of approximately 200 x 50 x 2 mm and an average fibre 
volume fraction of 0.08. 

Figure 3.2: Mould for curing of the EPDM based knitted composites 

The composites based on epoxy were degassed in a vacuum oven. Two metal plates were placed 
between the sample and the mould to obtain a flat surface. In the mould the knitted structure was 
pre-stretched and impregnated with the resin. The mould was subsequently placed in a vacuum 
oven to get a void free composite. Finally the specimen was cured in a hot-press for 14 hours at 75 
°c. After curing, epoxy based specimen were cut to a size of approximately 180 x 19 x 2 mm. 

For characterisation of the deformation behaviour of the rubber matrix material, dog-bone shaped 
tensile bars were manufactured. In Figure 3.3 the dimensions of the rubber specimens are given, 
whereas results of the tensile test. are listed in Appendix A.l. 
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Figure 3.3: Dimensions of dog-bone lellsile bar for EPDM-rubber ciJaraclerizalioll 

3.2 Testing 

Tensile tests on the EPDM hased composite specimens with a length of 150 mm, were performed 
on a universal testing machine at a strain rate of 0.5 min· l

. The epoxy based specimens were tested 
at a strain rate of 0.02 min· l

. 

3.3 Impregnation and fibre matrix-bonding 

Impregnation and fibre-matrix bonding were investigated using scanning electron microscopy 
(SEM). In Figure 3.4 a fracture surface of an epoxy based specimen is shown. Impregnation of the 
fibre bundles seems satisfactory since the fihres are surrounded by matrix material. However, 
bonding between fibres and matrix is moderate, as can be seen from Figure 3.4b, showing 
debonded fibres. EPDM based composites, on the other hand, showed relatively poor impregnation 
(Figure 3.5). Both impregnation and bonding have consequences for the stress transfer in the 
composite, e.g. the stress transfer decreases when impregnation and bonding worsen. 
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Figure 3.4: 

Figure 3.5: 

-- . 

3. Experimental procedures 

SEM-pictures of fibre bUlldles ill a glass/epoxy composite. The relatively good 
impregnation of the fibre bUlldle can be seen (left). At higher magnifications the 
poor Jibre-matrix adhesion is visihle (right). 

SEM-pictures of fibre bUll dIes in a glass/EPDM composite. Impregnation is 
moderate since ollly loose particles are observed between Ihe fibres. At higher 
magnificatiolls the poor Jibre matrix adhesioll is visible. 
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4. Mechanical properties of knilted composites 

4. Mechanical properties of knitted composites 

The mechanical properties of knitted composites are highly dependent on the properties of the 
applied matrix material. In rigid matrix composites better stress transfer between fibres and matrix 
increases the effectivity of the fibres. However, in flexible matrix composites the stress transfer 
occurs over a larger part of the fibre. The advantage of the tlexihility of the matrix is the improved 
deformability of the composite. In this way, a composite is created which optimally utilizes the 
deformation capacity of the knitted fibre network. In this Chapter, the difference in basic 
mechanical performance between rigid (epoxy-hascd) and llexihle (EPDM-based) composites is 
investigated. 

Mechanical properties of knitted composites appear to he highly dependent on the degree of pre
stretch of the knitted structure. Investigations on this suhject were carried out in former research by 
de Haan (6), Ha (7), Mayer [8) and Verpoest [9) and were all based on rigid matrix composites. 
Their results showed improved mechanical properties if the fibre network was pre-stretched. In this 
Chapter also the influence of pre-stretching on the mechanical properties of flexible matrix 
composites is studied. 

In the case of flexible matrix composites the large differences between fibres and matrix properties 
are even more pronounced than in the case of rigid matrix composites. However, if the fibres are 
structured in a knitted network, stresses in the textile remain low until the network is tightened. 
Combining the fibre network with a ruhhery matrix results in a composite with improved 
properties in comparison with the hasic materials (Figure 4.1). The results of the tensile tests on 
the textile structure and the ruhher are normalized for their fibre volume fraction. This 
normalization has strong consequences for the textile structure, because stresses are multiplied by a 
fibre volume fraction of 0.08. From the resulting curves it can be concluded, that both stiffness and 
strength of the composite increase in comparison with the hasic materials. 

Figure 4.1: 
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4. Mechallical properties of knitted composites 

The application of knitted structures in flexible matrix systems results in materials with a high 
deformability. This deformation capacity might be useful in structures for energy absorption. Since 
the stored energy is proportional with the applicd stress and strain, the introduction of fibres 
increases the stress and hence the energy absorption at low strain levels. Since the degree of pre
stretch influences the ultimate strain, the stored energy is a function of the pre-stretch. 
Investigations on this subject are discussed in the following Sections. 

4.1 Stress-strain behaviour 

The stress-strain behaviour of knitted composites with rigid matrices differs strongly from knitted 
composites with flexible matrices. Both categories of knitted composites are tested and the 
deformation behaviour is compared. 

Epoxy based composites 

First, the epoxy based composites will be discussed. Epoxy based knitted composites with various 
degrees of pre-stretch were tested and compared in Figure 4.2. Upon pre-stretching, not only 
stiffness and strength increase, but also the ultimate strain. Probably this is as a result of the 
orientation of the fibres, due to which the stress state of both fibres and matrix is optimized. Two 
mechanisms lead to an increase in composite stress. First, orientation of the fibres results in a more 
effective fibre usage because the angle between fibre and loading direction decreases. Secondly, 
bending stresses and stress concentrations caused by local matrix deformations as a result of fibre 
curvatures are reduced if the composite is pre-stretched. 
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4. Mechanical properties of knitted composites 

EPDM based composites 

Uniaxial tensile tests were also performed on EPDM based specimens. The results of the tests with 
various degrees of pre-stretch were again compared. Before discussing the results, some special 
aspects of the tensile deformation behaviour of the flexible composites are mentioned. 

Reproducibility 

The reproducibility of the pre-stretch was investigated, comparing two specimen with 0 % pre
stretch. Figure 4.3 shows that the specimens follow the same stress-strain path, although small 
strain variations occur. 
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Figure 4.3: Uniaxial tensile tests Oil knitted composites with 0% pre-stretch 

Deformation regions 

A typical stress-strain curve of a flexible knitted composite as shown in Figure 4.3 can be divided 
into three regions. In region I a high initial modulus is observed. In region Il the modulus 
decreases in comparison with region I, whereas in region 1lI the modulus again increases as a 
result of the tightening of the fibre network. The mechanisms which contribute to the composite 
stress in the different stress regions will be discussed in Chapter 5. 

Te/lSile curves 

Knitted composites with different degrees of pre-stretch were manufactured and tested. The results 
of these tests are given in Figure 4.4. 
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In this Graph no significant differences are noticed in region I, whereas the length of region II 
appears to be dependent on the pre-stretch degree. The higher the pre-stretch, the smaller this 
region and the tighter the network. 

4.2 Strength and fracture hehaviour 

Strength 

The tensile strength of epoxy and rubber based knittcd composites are compared in Figure 4.5. It is 
observed that the strength for the epoxy based specimens increases upon pre-stretching, as was also 
observed in Figure 4.2. These results are in contrast with observed values for the EPDM based 
specimens. As already mentioned, the increasing strength in case of epoxy matrices is caused by 
more effective loading of the fibres if (pre-)oriented in loading direction, whereas the decrease in 
strength of EPDM based composites is mainly caused by a decreasing contribution of the rubber to 
the total stress. The strength of flexible knitted composites will be discussed in more detail in 
Chapter 6, where the composite strength is modelled. 
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4. Mechanical properties of knitted composites 
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Related to the strength is the ultimate strain. In flexible knitted composites, the ultimate strain is a 
function of the pre-stretch and the extensibility of the textile structure. In rigid composites the 
ultimate strain is merely influenced by the initiation of dcbonding and/or matrix cracking at the 
head and the feet of the loop. 
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Figure 4.6: Ultimate strain of knitted composites based 011 EPDM and epoxy 
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4. Mechallical properties of knitted composites 

Fracture behaviour 

When local failure occurs in flexible knitted composites, a redistribution of stresses takes place. 
Other loops take over the function of the broken fibre bundle and the legs are reoriented (Figure 
4.7). This 'damage tolerant' failure mechanism can also be observed in the stress-strain curve 
(Figure 4.8). When the maximum stress is reached fibres start to break. Subsequently, stress 
redistribution takes place leading to stresses which remain on a high level. In this way, the crack
tip moves slowly inward, meaning that after breakage, the applied force is only slightly lower than 
the maximum load. Each time a fibre bundle is pulled out of the connected loop the crack-tip 
moves and the force decreases. In load-bearing applications this behaviour could be useful for 
safety reasons, because damage can be observed before the material fails catastrophically. 

Figure 4.7: Failure behaviour of EPDM based kllitted composites. Left the untested material, 
ill the middle a sample with crack initiatillg at the right-hand side alld right a 
loaded sample, where reorielltatioll of the fibre bundles Ilear the crack tips takes 
place. 
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Figure 4.8: 

Figure 4.9: 

4. Mechanical properties of knilled composites 
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Stress-strain curve of a EPDM based knilted composite. Note the high level of load 
bearing capacity after initiation of fracture. 
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4. Mechanical properties of knilled composites 

4.3 Work of fracture 

For epoxy as well as EPDM based knitted composites, strain energy density (stored energy per unit 
volume) was measured as a function of the pre-stretch. An interesting phenomenon appeared, since 
the maximum energy storage capacity for both epoxy and EPDM composites were comparable, 
although they appeared to behave completely different upon pre-stretching. 

Epoxy based knitted composites possess their maximum energy storage capability at high degrees 
of pre-stretch, whereas knitted composites based on EPDM exhihit their maximum at low degrees 
of pre-stretch (Figure 4.9). Moreover, in epoxy based knitted composites the energy storage is 
predominantly caused by high loads, whereas in knitted composites based on rubber this is caused 
by high deformations (the ultimate strain of epoxy based knitted composites is up to 20 times 
smaller than the ultimate strain of EPDM based composites (sec Figure 4.6». 
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5. Modellillg of deformatioll behaviour 

5. Modelling of deformation behaviour 

In the previous Chapter an overview of the material behaviour of knitted composites was given. 
This Chapter will deal with the modelling of the deformation behaviour up to failure. Existing 
models as Voigt's parallel model and the series model of Reuss describe in general two extreme 
situations in composite mechanics. Models for the description of the mechanical behaviour of 
knitted composites will therefore always comprise of a mixture of both models. 

Several investigators [10, 11] have developed models for the description of rigid knitted composite 
behaviour. These models arc based on the effectivity of fibres, which are oriented under a certain 
angle with the loading direction. Krenchcl [10] defines the effectivity of fibres as the degree to 
which a fibre contributes to the mechanical properties of the composite in comparison with the 
contribution of fully oriented continuous fibres, i.e. maximum effectivity. However, in all these 
models it is assumed that the inOuence of a certain stress transfer length can be neglected. 

However, in the case of knitted composites with tlexible matrices, the stress transfer between fibres 
and matrix is less favourable. In Figure 5.1 the stress build-up in a glass fibre embedded in a high 
modulus epoxy matrix (drawn line) is compared with the stress build-up in a low modulus rubber 
matrix (dotted line). 

Figure 5.1 

z 

Ineffective length 
(epoxy) 

Epoxy 

EPDM 

y_.r--fi(~ _____________ ~ _ 

Stress build-up in a glass fibre/epoxy (drawn line) and a glass/EPDM composite 
(dotted lille) 

Since stress build-up in glass/EPDM composites is poor, the effectivity of the fibres is strongly 
reduced as can be described by the model of Cox [12]. This model will be discussed in Section 
5.1. 
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5. Modelling of deformation behaviour 

Models as developed by Cox and Krenchcl principally describe the stress-strain behaviour of 
knitted composites in the clastic region, i.e. at low strain levels. At high strain levels the knitted 
fibre network tightens and contributes considerably to the deformation behaviour. This tightening 
only appears in flexible composites, like our knitted composite based on EPDM. In order to be 
able to describe the deformation behaviour at high strain levels a special model for the description 
of the tightening behaviour of springs in rubber materials, using the Langevin function for spring 
elongation, was incorporated in the stress-strain model. 

5.1 Small deformations 

In the preceding Section two types of models for the description of composite elasticity at small 
deformations were mentioned, viz. the models of Krenchel and Cox. Both models are based on the 
effectivity of fibres which is incorporated in a parallel model for the Young's modulus of the 
composite 

(5.1) 

where 11 is the effectivity of the fibres, Er and Em arc the Young's moduli of the fibres and matrix 
respectively and vr and vm are the volume fractions of the fibrcs and the matrix, respectively. 

However, the fibre effectivity in the model of Krcnchel is based on the orientation of the fibres, 
whereas the effectivity in the model of Cox is bascd on inelTective stress transfer from the matrix 
to the fibres. Both models have their restrictions for describing the composite behaviour of knitted 
composites, which implies that two different models arc needed. In case of rigid knitted com
posites, i.e. the composites based on epoxy, the Krenchcl approximation will be used in 
combination with the geometrical model of Rudd et al. [11], whereas in case of flexible knitted 
composites the approximation of Cox will be applied to include the influence of a low matrix 
stiffness on the stress transfer and consequently on the efficiency of the fibres. 

Rigid knitted composites 

For rigid knitted composites the Krenchel approximation [II] is combined with a model for the 
knit geometry, as introduced by Rudd, Middleton and Owen [10]. Their knit geometry consisted of 
circular parts which are interconnected by straight parts (Figure 5.2). 

Figure 5.2: Knit geometry used by Rudd et al., consisting of circular parts interconnected by 
straight parts ullder all angle <Po with the loadillg directioll 
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5. Modelling of deformation behaviour 

The translation of knit geometry to the mechanical behaviour of composites is described by the 
Krenchel approximation. Krenchel addressed a fibre effectivity to fibres which are oriented under a 
certain angle with the loading direction. 

(5.2) 

where a. is relative length of the fibre part and <p, is the angle between the fibre-axis and the 
loading direction. 

The elastic modulus of the composite and the effectivity of the fibres are calculated from the 
model and compared with the experiments. For the C<1lculations using the geometrical model of 
Rudd et al. model parameters, such as the radius of the circle, are given in Appendix A,4. The 
results of these C<1lculations are listed in Table 5.1. 

Table 5.1: 

Pre-stretch model experiment 

E, [MPaJ '1 [- J E, [MPa J '1 [-J 

0.89 3820 0.21 3790 0.20 

1.18 4540 0.33 4201 0.28 

1.24 5970 0.38 4560 0.33 

Comparison of experimental and calculated moduli of elasticity and effectivity 
factors of epoxy based knilled composites 

Although experimental values for the Young's modulus of the epoxy based knitted composite are 
somewhat lower than the C<1lculated values, the trend of an increasing composite stiffness due to 
pre-stretching is clearly shown. The fact that the values of the elastic modulus calculated with the 
model are higher than the experimental values was also observed by Ha [13J. He compared results 
for the efficiency factors C<1lculated with the geometrical model of Rudd et al. with results obtained 
by image analysis and showed that the efficiency factors using image analysis were lower than 
those using the geometrical model of Rudo et al. Since the knit geometry in his investigations is 
equal to the knit geometry in this study, it can be expected that the difference between model and 
experiment is mainly C<1used by deviations from the geometrical model. 

Flexible knitted composites 

In Chapter 3 it was mentioned that the clastic modulus of EPDM based knitted composites was 
much lower than for the composites based on epoxy, i.e. the efficiency of the fibres is strongly 
reduced when they are embedded in nexible matrices. In the investigated knitted composites, 
nexible as well as rigid, the initial geometry of the fibres is similar. Since calculations of the 
efficiency factor using the model of Krenchel are solely based on the geometry of the fibres, the 
efficiency factor should be equal for both matrix systems and are therefore similar to the values 
listed in Table 5.1. However, in EPDM based knitled composites a much lower efficiency is 
calculated using the experimental data (Table 5.2). 
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Table 5.2: 

5. Modelling of deformation behaviour 

II Pre-stretch I Eo [MPa] I 1'] [-] I 
0.96 17.4 0.0028 

1.00 21.2 0.0035 

1.09 235 0.0039 

1.20 26.2 0.0044 

Experimental values for moduli of elasticity alld effectivity factors of EPDM based 
knilted composites 

Obviously, the differences between the initial composite stiffness of flexible and rigid knitted 
composites is mainly caused by the stiffness of the matrix. This can demonstrated using the model 
of Cox [12] for the efficiency of short fihres, which are emhedded in a matrix system, having a 
shear modulus Gm• Cox assumes a uniform distrihution of short fihres in a matrix, as given in 
Figure 5.3. Additionally, he uses three ratios for the calculation of the efficiency of the fibres in 
composites. First, the ratio between the shear modulus of the matrix and the elastic modulus of the 
fibres (G,jE,), secondly, the ratio of the distance between two fihres (the stress inOuenced region) 
and the fibre diameter (Old) and finally the fihre aspect ratio (lid), where I denotes the fibre length 
and d the diameter of the fibre. 

1 
• • .. i , , 

tD 

Figure 5.3: Schematic section through a discontinuous fihre composite 

The composite modulus Eo as calculated by the moud of Cox is given by Equation (5.1), where 
the fibres have an efficiency 1']', given hy 

1']' = 1- tanh ( x) 
x (5.3) 
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5. Modelling oJ deJormation behaviour 

with 

x = 1 a (5.4) 

In Figure 5.4 the efficiency-factor 1']' is given as a function of x. It appears, that for values of X 

lower than 10 this function becomes important. Since x is a function of the shear modulus Gm, this 
modulus directly innuences the efficiency of the composite. In Figure 5.5 the efficiency factors for 
a chosen system are calculated as a function of the shear modulus Gm • In the investigated system 
with a fibre distribution as given in Figure 5.3, the fibre bundle is modelled as an oriented 'short 
fibre' with a length which equals the distance between two stitches. The calculations show that the 
efficiency of the fibres is strongly influenced hy the shear modulus of the matrix. The efficiency 
factors are calculated for two different values of the distance D hetween the fibres (D, = 10 . D,). 
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Figure 5.4: Efficiency Jactor Jor the tensile modulus oJ short Jihres as a Junction oJ x 
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5.2 Modelling of large deformations in flexible knitted composites 

The behaviour at large deformations is only of interest for knitted composites with flexible 
matrices. Due to the rather brittle behaviour of epoxy systems the composite deformability is 
limited to small deformations. This is ohserved in Figure 5.6, where the stress-strain behaviour of 
composites with epoxy and EPDM hased matrices is shown for various degrees of pre-stretch. 

As was observed in Chapter 4, pre-stretching of the knitted fabric influences the deformation 
behaviour of the f1exihle knitted composite. Upon pre-stretching the initial stiffness increases due 
to better alignment of the fibres, whereas the maximum extensihility will decrease. The maximum 
extensibility is not limited by the matrix and is therefore directly related to the textile structure and 
its degree of pre-stretch. This is shown in Figure 5.7, where the ultimate strain is given as a 
function of the pre-stretch. If the ultimate strain is solely determined by the deformability of the 
knitted fabric, multiplication of pre-stretch with the ultimate strain should lead to a constant value 
for the total strain, which is in accordance with the experimental ohservations. 
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Stress-strain behaviour of epoxy and EPDM hased knitted composites for various 
degrees of pre-stretch 
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5. Modelling of deformation behaviour 

This Section will deal with the modelling of the deformation behaviour of EPDM-based knitted 
composites at large deformalions. The theory is based on a model which describes the total 
deformation behaviour of rubber materials, e.g. the Gaussian behaviour at low and moderate strain 
levels and the strain hardening effect at high strain levels. The behaviour is obtained by 
multiplication with a function, which has a negligible inOuence on the stress when the network is 
unstressed. However, in knitted composites the network is already lightened at relatively small 
strain levels of the composite and therefore the model solely describes the strain hardening effect. 
In this Section, first the general theory will be discussed, which will be applied to the Oexible 
knitted composite. The theory is based on chain statistics related to entropy elasticity of rubber 
materials, which is clearly different from composite behaviour. However, the stress function is a 
convenient method to describe the strain hardening effect in Oexible knitted composites. Since it 
only describes the strain hardening effect, also the other mechanisms which contribute to the 
composite stress will be discussed. 

General theory for network behaviour in ruhher mated"ls 

Stresses in rubber at high strain levels are coupled with a strain hardening effect due to the finite 
extensibility of the rubber chains. Investigators have built networks from chains described by 
Gaussian statistics or have modified the chain stalistics to allow larger stresses than afforded by the 
assumption of Gaussian st,1tistics, then incorporated non-Gaussian chains into networks three, four 
or a finite number of chains [14,15,16J. These models have two physically based parameters in 
common. First, the rubber modulus and secondly, a chain locking stretch "L' defined as the value 
for the chain stretch if the chain length reaches its fully extended st,1te. Chain extension is given by 
the chain length after deformation divided by the initial chain length, 

= r ch 

ro 
(5.5) 

To define the initial chain length ro, the zero pre-stretch, as defined in Chapter 2, is an important 
parameter. This zero pre-stretch was defined as the equilibrium state of the plain knit if exposed to 
an external force of 1.5 N in wale direction. The chain stretch can be obtained by dividing the 
chain length by the initial chain length. For the chain length of the specimen, the draw ratio is 
multiplied by the pre-stretch "p' 
For describing the strain hardening effect of the network, a locking stretch "L is needed, which 
describes the maximum extensibility of the chains 

(5.6) 

The maximum extensibility and the chain stretch arc used in the constitutive model, based on the 
Langevin function. The Langevin function is given by 

Sf( ~) = coth ( ~) - ~ (5.7) 

where fl = Ad> / "L' 
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5. Modellillg of deformatioll behaviour 

The inverse of this Langevin function is incorporated in the constitutive model. The stress-strain 
relation becomes 

(5.8) 

where 01 is the true stress in tensile direction and C a material constant which describes the initial 
modulus. 

In this work the Pade approxim<ltion for the inverse L1ngevin function is used: 

5£"' (~) = A. 3-~2 
P 1-~2 

Deformation mechanisms in lIexihle knitted composites 

(5.9) 

The constitutive relation which describes the strain hardening effect in rubber materials can also be 
applied to describe the deformation behaviour of flexible knitted composites. The material constant 
C is mainly dependent on the elasticity of the rubber, whereas the locking stretch AL is dependent 
on the maximum extensibility of the knitted structure. 

The Langevin function is capable of describing the deformation behaviour of rubberlike materials 
from the unstretched state. Since the knitted structure is stretched (the ratio Ad> / AL in Equation 5.8 
is relatively high) the function will not completely describe the deformation behaviour of the 
knitted composite. Therefore, only the tightening of the network is described by the model. Instead 
of initial Gaussian behaviour, which Equation 5.8 describes for rubberlike materials, the composite 
has other mechanisms which intluence the initial behaviour in region I and II, as identified in 
Figure 4.3 (Section 4.1), such as the stress transfer from matrix to fibres. 

In Figure 5.8 the stress-strain behaviour of the investigated knitted composite is compared with 
results from experiments of Kutty and Nando [17] on a short fibre composite with an elastomeric 
matrix, having the fibres oriented in loading direction. The bonding between fibres and matrix was 
good, which resulted in a more or less linear behaviour up to breakage. Their investigation also 
showed, that in the case of poor bonding (as investigated in this study) the efficiency of the fibres 
and consequently the modulus of the composite decrease. The occurrence of debonding during 
loading will lead to a decrease in composite modulus, at the transfer from region I to region II. 
After debonding, stress transfer is based on friction between fibres and matrix only. An indication 
of such a friction mechanism is given by specimen, which are loaded up to region II. After 
unloading the specimen do not completely recover to the unstretched state, which is expected to be 
caused by friction. 

Since the shear stress caused by friction is constant, this leads to a constant composite stress in 
region II. In region II this stress is composed of a contribution which is dominated by friction and 
a slightly increasing network stress. By superposition of this frictional and network components of 
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5. Modelling of deformation behaviour 

the composite stress, the tensile curves of flexible knitted composites with various degrees of pre
stretch can be fitted in Equation 5.11. The results of the fitting will be discussed in the following 
Section. 

Figure 5.8: 
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Results of the tensile tests on short fibre composites (SFC) with good fibre-matrix 
adhesion [17J compared with flexible knitted composites (KC) with poor adhesion. 
Although the stress of the knitted composites includes increasing stress contribution 
of the network, the decrease in modulus in region /I is more explicit than in the 
system with good bonding. 

In this way, the three stress-strain regions in the composite have their own originating mechanism. 
In region I the composite stress is caused by a combination of fibre and matrix stresses, where the 
stress in the fibres is related to the stress-transfer efficiency and thus to the shear modulus of the 
matrix. In region II the composite stress is limited due to the shear strength of the interface 
yielding debonding. In region III the stresses are related to the tightening of the network and can 
be described by means of the Langevin function. 

5.4 Comparison between model predictions and expe";mental resnlts 

The results of the calculations of the network contribution arc compared with the experiments in 
Figure 5.9. 
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Figure 5.9: 
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Comparison of model predictions and experimental results of stresses at large 
deformations of flexible knilted composites 

Fitting of the different curves was executed using the values of the pre-stretch. Since pre-stretching 
influences the stretch degree of the chain, the pre-stretch was incorporated in the chain stretch. 
Thus, pre-stretching leads to a higher initial modulus of the network. 

As already mentioned, the fit parameters C and AI. arc the variahles which have to be estimated. 
These parameters arc material dependent and arc 

• C = 0.55 
• AI. = 1.55 

Thus, for the description of the strain hardening hehaviour of the knilled composites only three 
parameters are needed, i.e. the modulus C, the locking stretch AI. and the pre-stretch Ap of the 
specimen. 
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6. Modelling of strength 

6. Modelling of strength of flexible knitted composites 

In knitted composites with flexible matrices, the stress transfer capacity of the matrix on the fibres 
is low in comparison with systems based on glassy matrices. Therefore, the fibre contribution to 
the composite stress is mainly dependent on the networking, i.e. stress transfer in the interlacing 
points results in stresses which are high in comparison to short fibre-reinforced elastomers. This 
Chapter deals with the ultimate stresses due to the fibre network. 

6.1 Stress situation in a curved fihre hundle 

Stress in knitted structures is influenced by the bundle geometry and fibre properties. In the fully 
extended state, the bundle is assumed to have a curved part where the fibres are interlaced and a 
straight part in between. In the straight part, axial stress in the fibres is assumed to bear the com
posite stress in warp direction. In the curved part, the fibres arc exposed to additional bending 
stresses. By superposition of the bending stress and the axial fibre stress the contribution of the 
fibres to the composite strength is obtained. 

Figure 6.1: 
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6. Modelling of strength 

The strain E, of a beam with a curvature K equals 

E = - Y = -KY 
x P (6.1) 

where y is the distance between the chosen point and the neutral axis in the direction of the centre 
point for the radius of curvature p of the fibre. Equation (6.1) results in a bending stress aD 

Os = EfE x = -EfKY = -Ef Y 
P 

(6.2) 

The radius of curvature p of the fibre is measured from the centre of curvature to the neutral axis, 

p = r + r fll (6.3) 

where r is the distance between the centre of curvature and the contact surface between the 
interlacing fibres, since the maximum hending stresses occur at the surface of the inner fibres, 
where y = - rfil 

(6.4) 

As single filaments are suhjected to hen ding, the filamcnl, with the smallest radius of curvature p 
will break first. This means that the fibres in the contact plane arc first to break. The radius p of 
those filaments was measured from the SEM picture shown below, 

Figure 6.2: Picture of a kllilled composite polished ill its plalle. Displayed are the two interja
cellt fibre bundles alld the head of tlze measured loop, from which the radius was 
measured (picture of a comparable kllilled composite made by Mayer [IB]) 
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6. Modelling of strength 

The axial strength ar.~ of the fibres then becomes 

(6.5) 

The contribution of the fibre stress to the composite stress in tensile (wale) direction a r,""", is 
dependent on the angle CPo between fibre and loading direction. This angle is determined by the 
bundle thickness and the stitch length, while in the ultimate strain state the heads of the loops are 
bent around the interjacent bundles on the inside and connected with the neighbouring bundle on 
the outside. 

(6.6) 

For the composite strength ao the following equation can be found 

(6.7) 

Calculations for composite strength of the EPDM hased composites were carried out using the data 
listed in Table 6.1. 

I Property I Value [Unity] I 
a bb 1150 [MPa] 

Er 70 [GPa] 

Tfil 6.5 I'm 

p 510 I'm 

CPo 30 0 

a B 880 [MPa] 

°f,ax 27OIMPa] 

°r,wale 2341MPa] 

Table 6.1: Properties and stresses for calculation of composite strength 

6.2 Results and discussioll 

Since the matrix is flexible, the deformation of the fihres is only slightly hindered. This results in 
one unique end-configuration of the network for all composites in which neighhouring bundles 
(almost) touch. Consequently, the fihre stress (or."",,) in the composite will be equal for all speci
men. 

The maximum value for the fihre contrihution to the composite strength is found to be 15 MPa. 
The composite strength (true slress) increases when the malrix contribution to the total stress 
increases. The matrix stress is maximum, when Ihe strain during testing (incorporated by Al,m~) 
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6. Modellillg of strellgth 

reaches its maximum. This means that specimens without pre-stretch have the highest strength. 

In Figure 6.3 the results of the calculations and the measurements arc given, showing a decreasing 
composite stress due to pre-stretching. 

Figure 6.3: 
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7. Conclusions and recommendations 

7. Conclusions and recommendations 

Conclusions 

In knitted fabrics based on high-performance fibres, the specific qualities of the fibres are 
combined with high deformability. By embedding high-performance fibres in a flexible matrix, a 
composite results which combines moderate values for strength with exceptional high failure 
strains. The ultimate strain value can be controlled by pre-stretching of the knitted fibre structure 
before they are embedded in the matrix. 

The stress-strain behaviour of these flexible knitted composites can be described by a model which 
is composed of fibres in a matrix and a parallel connected network model. At low strain levels, the 
composite stresses are substantially higher than those for the rubber matrix and are the result of 
stress build-up in the fibres. This phenomenon of stress build-up in fibres can be described by the 
Cox-model for short fibre composites. The strain hardening, caused by the tightening of the 
network, is described by a constitutive model based on the Langevin function. This model only 
needs two input parameters, (i) an initial modulus and (ii) a maximum elongation. 

Such a model, including both fibre and network contributions, is able to describe the deformation 
behaviour up to failure. Failure is modelled by means of a special strength model. This model 
makes use of the possibility of superposition of bending and tensile stresses and of the known 
geometry of the head of the loop. If the maximum drawability of the network is reached, the 
curvature in the head appears to be nearly independent of the pre-stretch, i.c. the deformation beha
viour of the head is not essentially hindered by the flexible matrix. Due to the similar end
geometries, bending and ultimate stresses arc therefore comparable for all pre-stretch degrees. 

Recommendations 

The use of tougher fibres might lead to a further improvement of composite strength, since tougher 
fibres, e.g. aramide or polyethylene fibres, arc not significantly inlluenced by bending. 

A second recommendation concerns the production process. For this study the rubber was 
dissolved in Xylene, which was evaporated afterwards. Although the impregnation in this process 
is satisfactory, only the rubber remains after evaporation of the solvent. This implies, that the 
amount of rubber inside the fibre bundle is rather low. Therefore, a polymerizable solvent should 
be used or polymerization should take place from a mixture. 

A third recommendation concerns the application of these materials. Because of the high defor
mation capacity, flexible knitted composites arc relativcly good energy absorbers. Especially, when 
the fibre volume fraction is increased and the basic stress level is raised accordingly. 
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AI. Material characterization 

Appendix: Material charactedzation 

A.I EPDM rubber 

Testing of the dog bone shaped specimens of EPDM rubber resulted in a highly nonlinear defor
mation behaviour, which can be described by the Mooney-Rivlin relation. This relation is based on 
the strain energy function, which is rewritten using the incompressibility equation A,A,A,=I 

(ALl) 

where A represents the elongation (LIL,,) 

Differentiation with respect to A and considering uniaxial tension in wale direction results in a 
force per unit unstrained area (the engineering stress) of 

(Al.2) 

Rearranging this equation gives 

f 

(A1.3) 

This equation results in a linear plot (Figure A.2), from which the Mooncy-Rivlin parameters can 
be obtained. 
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Figure A.l: Stress-strain behaviour of EPDM ruhber 
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5.---------------------------------~ 
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Figure A.2: Mooney plot for EPDM ruhher 

From this plot the gradient C lO=0.35 and the ordinate COJ =O.14 arc obtained, which are the typical 
parameters for Mooney-Rivlin materials. 

A.2 Epoxy 

The stress-strain behaviour of epoxy is also nonlinear and time dependent. The strain rate of the 
epoxy specimen equals the strain rate at which the composite specimen were tested. 
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Figure A.3: Stress-strain behaviour of epoxy specimell 
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A.3 Fibres 

The fibre strength and Young's modulus given by the manufacturer have values which are valid at 
optimal loading conditions only. Strength values arc based on impregnated fibre bundle tests (ISO 
DP 9163) using epoxy resin a matrix system. Since epoxy resins show a much better adhesion with 
glass fibres and a much higher shear modulus, stress transfer is much more effective than in the 
case of EPDM based systems. 

Also the other conditions at which fibre bundles are tested are not valid. As mentioned in Section 
5.1, ineffective stress build-up occurs due to low matrix stiffnesses and moderate bonding and 
impregnation. In the case of fully oriented fibres, the innuenee of the matrix is small and therefore 
the fibre bundles are tested in air. 

A second reason why fibre bundle strength decreases is damage caused by the knitting process 
when the fibres slip over the knitting needle. The knitting machines are adapted to glass fibre 
knitting by modifications which minimize these slipping forces between fibres and needles. 
Although these effects are minimized in this way, the remaining slip together with bending of 
fibres due to loop forming will still cause surface damage and breakage of filaments. 

For testing fibre bundles in air, the filaments arc wound around a frame and locally impregnated 
with resin. These resin-impregnated zones arc to be placed betwecn the clamps during testing. 
After the resin is cured at room temperature, the fibres arc cut and tested in the tensile machine. 
The calculations arc based on the area of the undamaged fibre bundles. In Table 3.1 the results are 
given. Values for strength and stiffness are measured with the unaffected area of the fibres before 
knitting. It can be seen from the data in Table A.I that the properties of the fibre bundles tested in 
air are significantly lower than those given by the glass fibre manufacturer (2.6 GPa and 70 GPa, 
respectively) and which arc based on epoxy-impregnated, virgin strands. 

alb [GPa] Eb [GPa] £m'~ [%] 

1,15 57.1 2.02 

Table A.i: Ulliaxial tellsile data for jihre hu"dles ajier k"ittillg, tested ill air 

A.4 Knitted structure 

In this study, glass fibres were knitted with four stitches per inch. Since all knit structures have 
different dimensions, the dimensions were measured to characterize the applied structure. Since 
pre-stretching innuences geometrical parameters such as specimen width and loop dimensions, the 
measured values could be used for stress calculations, e.g. stress calculations with fibre effectivity 
where loop dimensions are needed. 

The measured parameters are: 
- w, specimen width [cm] 
- nlcm number of loops per centimetre 
- hi height of the loop [mm] 
- WI width of the loop [mm] 
- R radius of the head of the loop [mm] 
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Figure A.4: Loop form and measured parameters of the knit structure. 

Results of the measurements are shown in figure A.5. 
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Figure A.5: Geometrical parameters as a function of the pre-stretch 

From the length of the fibre bundle and the numher of fihres per unit volume the fibre volume 
fraction can be ",~lculated. The number of courses and wales can be obtained from the values in 
the Graph and since the stitch length is independent of stretching, the fibre share per unit volume 
can be calculated. 
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