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Abstract

Knitted fabric reinforced composites (KFRCs) offer several advantages over other com¬

posite materials, such as high drapability and low production costs. In this work, two

fiber/matrix materials, addressing different fields of application, were investigated: Knit¬

ted carbon fiber reinforced poly(ether-ether-ketone) (CF/PEEK) is currently considered

for biomedical and aerospace engineering, because of its biocompatibility, excellent

environmental resistance and high mechanical properties, respectively. Knitted glass
fiber reinforced poly(ethylene-terephtalate) (GF/PET) is of interest for the automotive

industry, due to an attractive price combined with good mechanical properties.
A requirement for the use of new materials in actual applications is an extended

database of properties, thus enabling reliable engineering. This work addresses micro-

and macromechanical properties of KFRCs with respect to potential environmental deg¬

radation in the focussed applications.

Since the mechanical performance and the failure behavior is mainly defined by
the reinforcing knitted fabric layers, the 3D structure of KFRCs was reconstructed based

on polished 2D cross sections of consolidated panels. The knit layers were found to be

highly interpenetrated, hence suppressing distinctive mterlaminar fracture planes. This

observation was confirmed in falling weight impact, where delammation in between knit

layers did not occur. The out-of-plane failure, determined in compact tension testing, was

also found to be highly dependent on reinforcing structure: Crack growth was controlled

by the strength of fiber bundles oriented perpendicular to the fracture path. This was con¬

sidered to be a determining factor leading to the higher fracture toughness of KFRCs,

compared to other composites.
The environmental resistance plays a crucial role in the focussed applications of

KFRCs. With respect to the biomedical potential of CF/PEEK, hygrothermal long-term

degradation in water and simulated body fluid (SBF) at 37, 60 and 90°C was investi¬

gated. After 50 weeks of exposure, CF/PEEK showed no influence of environmental

degradation on fracture toughness, bending and impact properties. In contrast, a signifi¬
cant reduction of macro- and microscopical properties was observed in exposed GF/PET.

The contribution of the microscopical fiber'matrix interface to this behavior was ana¬

lyzed by the push-out method. An energy-based model was proposed to extract interfa-

cial properties and to relate them with degradation effects. This allowed a quantitative
correlation between microscopical and macroscopical failure behavior. One of the con¬

clusions was that the reduction of mechanical properties of GF/PET was not only caused

by degradation of the matrix, but also by degradation of the fiber/matrix interface.

In conclusion, the studied KFRCs were found to be damage tolerant materials,

revealing high fracture toughness and impact properties in combination with a pro¬

nounced delammation resistance. While GF/PET was observed to be critical for applica¬
tions involving moisture and elevated temperatures, CF/PEEK exhibited outstanding
environmental resistance. Therefore, knitted CF reinforced PEEK is a promising candi¬

date for structural biomatcrials, such as load-bearing implants.



Zusammenfassung

Gestrickverstärkte Verbundwerkstoffe (Kl RCs) bieten mehrere Vorteile gegenüber

anderen Verbundwerkstoffen, wie zum Beispiel hohe Drapierbarkeit und tiefe Produkti¬

onskosten. In dieser Arbeit wurden zwei verschiedenen Faser/Matrix Kombinationen

untersucht, welche auf unterschiedliche Anwendungsbereiche ausgerichtet sind:

Polyetheretherketon, verstärkt mit Kohlenstoffasergestricken (CF/PEEK), wird aufgrund

seiner Biokompatibilität, seiner ausgeprägten Beständigkeit gegenüber Umwelteinflüs¬

sen und seiner hohen mechanischen Eigenschaften für Anwendungen im Bereich der

Medizinaltechnik und Luftfahrtindustrie in Betracht gezogen. Polycthylenterephfalat,

verstärkt mit Glasfasergestricken (GF/PET), ist \ on Interesse für die Automobilindustrie,

aufgrund seiner geringen Kosten kombiniert mit guten mechanischen Eigenschaften.

Um ein neues Material verlässlich einsetzen zu können ist eine ausführliche Daten¬

bank von Materialkennwerten erforderlich. Diese Arbeit befasst sich solchen Kennwer¬

ten: Mikro- und makromechanischc Eigenschaften \ on KFRCs wurden in Bezug auf das

Versagensverhalten und unter dem Aspekt möglicher Umwelteinflüsse in den oben

genannten Anwendungsbereichen untersucht.

Da die mechanischen Eigenschaften und das Versagensverhalten hauptsächlich
durch das verstärkende Gestrick gegeben sind, wurde die 3D Struktur von KFRCs unter

Verwendung von 2D Schliffbildern rekonstruiert. Es wurde eine starke gegenseitige

Durchdringung der Gestrickslagen festgestellt, welche die Ausbildung von interlamina-

ren Bruchebenen verhindert. Dies wurde in Stossversuchen (Impact) bestätigt, bei wel¬

chen keine Delammation entlang der Gestrickslagen beobachtet wurde. Ebenso wurde

ein Zusammenhang zwischen der Verstärkungsstruktur und dem out-of-plane Versagen

im bruchmcchanischen Compact Tension Experiment festgestellt: Das Risswachstum

wird durch die Festigkeit der Faserbündcl, weiche senkrecht zur Rissebene stehen, kon¬

trolliert. Dies wird als Faktor für die im Vergleich zu anderen Verbundwerkstoffen

höhere Bruchzähigkeit von KFRCs angesehen.
Die Beständigkeit gegenüber Umwelteinflüssen spielt eine zentrale Rolle für den

Einsatz von KFRCs. Bezogen auf die Anwendung im Bereich der Medizinaltechnik,

wurde die hydrothermisehe Langzeit-Degradation von CF/PEEK in Wasser bzw., in

"simulated body fluid" (SBF) bei 37, 60 und 90 C untersucht. Nach einer 50-wöchigcn

Auslagerung zeigten die Proben keine Veränderungen, weder in der Bruchzähigkeit,

noch in den Biege- und Tmpacteigenschaften. Im Gegensatz dazu wurde bei GF/PET

eine signifikante Abnahme der mikro- und makroskopischen Eigenschaften gemessen.

Die Bedeutung der mikroskopischen Faser'Matrix Gren/flächc wurde mittels Push-out

Methode untersucht. Basierend auf Energiebetrachtungen, wurde ein Modell entwickelt,

welches die Bestimmung der Grenzflächeneigenschaften und damit eine Zuordnung der

Degradationseffekte erlaubte. Dies ermöglichte eine quantitative Korrelation zwischen

mikroskopischem und makroskopischem Versagensverhaltcn und erlaubte unter ande¬

rem die Schlussfolgerung, dass die Reduktion der mechanischen Eigenschaften von



GF/PET durch hydrolytische Degradation, nicht nur der Matrix, sondern auch der

Faser/Matrix Grenzfläche, bedingt ist.

Zusammenfassend erwiesen sich die untersuchten KFRCs als schadenstolerante

Werkstoffe, die hohe Bruchzähigkeit, hohe Impacteigenschaften, sowie einen ausge¬

prägte Delaminationswiderstand zeigten. Während sich die Anwendung von GF/PET in

Zusammenhang mit Feuchtigkeit und erhöhten Temperaturen als kritisch erwiesen hat,

wurde für CF/PEEK eine aussergewöhnhche Beständigkeit gegenüber SBF und Wasser

festgestellt. Daraus folgt, dass PEEK, verstärkt mit Kohlenstoffasergestricken, ein viel¬

versprechender Werkstoff für biomedizinische Anwendungen ist, wie z.B. für lasttra¬

gende Implantate.
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1. Introduction

The concept on which composite materials are founded is very old and applied in many

natural materials. However, modern reinforced composites based on artificial fibers exist

for barely more than 60 years 11]. Although glass and nylon fibers were originally pro¬

duced for textile purposes, high properties of the fibers led to their use as reinforcement.

The development of carbon fibers introduced a class of material which can achieve sev¬

eral times the stiffness of steel at a fraction of its weight.

Fiber reinforced composites (FRCs) re\ eal high mechanical properties in the direc¬

tion of the reinforcing fibers. By orienting the fibers in the direction of the applied load,

very high stiffness and strength of the component can be achieved. However, load

requirements in actual applications are generally not uniaxial. Stacking of unidirectional

(UD) layers to multidirectional laminates enables fiber reinforcement in different direc¬

tions. In-plane properties of multidirectional laminates can be adjusted to the load

requirements through appropriate choice of layer orientation and number. However, the

out-of-plane properties of these laminates are always determined by the matrix and

therefore severely limited [2]. Furthermore, because of their layer structure, laminates

are sensitive to interlaminar fracture, i.e. delammation. By introducing fibers with an off-

axis angle to the laminate plane, out-of-plane properties and interlaminar fracture tough¬

ness can be significantly improved. The incorporation of out-of plane fibers requires tex¬

tile processing techniques. A brief introduction to textile composites is given in

chapter 1.3.

FRCs were primary developed for aerospace and defense applications. In these

industries, high performance considerations overbalance cost efficiency criteria. Nowa¬

days, fiber reinforced composites are also use in larger-volume industry, e.g. in the auto¬

motive industry, mainly because of the decreasing price of fibers and the increasing

importance of weight reduction [3, 4]. The steadily increasing global activity in the field

of composite materials lead to a large variety of commercially available FRCs. Today,

they are used in almost any engineering industry.

1.1. Fiber reinforced composites in biomaterials

The European Society for Biomaterials (ESB) defined biomaterials as "non-viable mate¬

rials, used in a medical de\ice, intended to interact with biological systems" [5]. Bioma¬

terials seek to be biocompatible, i.e. "the ability of a material to perform with an

appropriate host response in a specific application". Wintermantel [6, 7] extended this

definition and distinguished between surface and structural compatibility of an implant.
Surface compatibility is understood as the chemical, physical, biological and morpholog¬
ical suitability of the implant surface properties aiming at clinical desired interactions

with the surrounding tissue. Structural compatibility is the optimal adaptation to the

mechanical behavior of the hosting tissue, fherefore, structural compatibility refers to
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the mechanical properties of the implant material, such as stiffness and strength. Optimal

interaction between biomaterial and host is reached when both, surface and structural

compatibility are taken into account.

Many human tissues are anisotropic and reveal a structure similar to composite
materials. This affinity has been realized and consequently attempts were made to use

fiber reinforced composites to replace parts of the human body. It is not the intention of

this work to give an overview of all possible biomaterials applications of FRCs, how¬

ever, some typical examples will be discussed.

Load-bearing implants for bone replacement and fixation, made of fiber reinforced

polymers (FRPs) are currently developed because they offer several advantages over

metal implant materials:

• Stiffness, strength and anisotropy can be adapted to the biological requirements in a

large range, thus offering optimized structural biocompatibility. Stress shielding can

be disabled by adopting stiffness and therefore minimizing strain mismatch between

implant material and bone tissue.

• Absence of metal ions, thus preventing allergic reactions.

• Adjusting of x-ray transparency by adding contrast medium to the polymeric matrix.

• FRPs cause no artifacts in MRI (magnetic resonance imaging) and CT (computer

tomography).

Typical examples of on-going research in the field of load bearing implants made of

FRPs are hip prostheses, osteosynthesis plates and artificial intervertebral discs.

Design, processing, characterization and clinical application of FRPhip prostheses

were investigated by many researchers [8-14]. The general statement of these studies is

that stiffness and anisotropy of composite prostheses can be well adapted to cortical

bone, thus minimizing strain mismatch and stress shielding effects. However, the

required fatigue strength and surface compatibility considerations, such as coating of

FRP prostheses, are still a matter of imestigation.

An early clinical comparison of metal and FRP bone plates revealed less cortical

porosity after healing using the composite plate [15]. Bone fixation using FRPs were

found to be advantageous because of their low stiffness, thus promoting the formation of

external callus which increases fracture strength after healing [16, 17]. Development of a

knitted fabric reinforced composite (KFRC) bone plate is presented in [18]. There, it was

found that formed-in holes increased the fiber density and therefore, the strength in the

critical area around the holes. Good results by forming holes in the fabric instead of drill¬

ing them after composite manufacturing were also found in 119].

Similar to these examples, the main advantage of artificial disks made of compos¬

ite materials, is their mechanical similarity to the replaced part. i.e. the natural disk [20].

Encouraging studies with intervertebral discs cages consisting of carbon fiber reinforced

polymer are described in [21, 22]. Using a soft elastomeric core and reinforcing fiber

sheets, a total disc prostheses is proposed in [23]. Knitted fabric reinforced clastomcre
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was chosen by Ramakrishna [24], because of its stress-strain behavior similar to inter¬

vertebral disks. In his study, knitted kevlar fabrics were used to encapsulate a polyure-
thanc nucleus. It is presumed that the most promising artificial disk duplicates not only

its natural form but also its function [20]. Under this viewpoint, it seems evident that

FRCs do have a high potential as implant materials.

1.2. Environmental exposure of fiber reinforced polymers (FRPs)

As any other material in service, FRPs are subjected to the influence of their environ¬

ment. The function of the composite part must be fulfilled during its entire life time. Cer¬

tain biomedical applications, e.g. load-bearing implants are intended to remain in the

human body for several decades, where they are exposed to the body electrolytes. Other

high performance materials, such as primary and secondary structures in aerospace

applications are exposed to various environmental factors like large and fast changing

temperature differences, moisture and chemical fluids.

Unlike metals, FRPs are composed of two phases which introduces different

aspects considering their environmental sensitiv ity. First, polymers are not impervious to

moisture penetration. Second, they include fiber/matrix interfaces. The mechanical

behavior of FRPs, as anisotropic, inhomogeneous materials, is very complex and is a

function of the synergistic properties of fiber, matrix, liber/matrix interface, and of geo¬

metric properties such as distribution and orientation of the reinforcement. With regard

to environmental degradation, the most critical properties that have to be considered are

the interface characteristics. The fiber/matrix interface, as an adhesive bond, is poten¬

tially sensitive to moisture degradation. Strength and failure behavior are significantly
influenced by the interface, because it is the location of stress transfer.

The influence of environmental exposure on FRPs is described in many research

papers [25-39J. Generally, it can be distinguished between micro- and macromechamcal

approaches. In micromechanical studies, the fiber/matrix interface was characterized

using an interface test method before and after environmental exposure [25-29]. In mac-

romechanical approaches, composite parts were tested for environmental sensitivity by

means of standard mechanical test methods, such as tensile, bending, shear and compres¬

sion experiments [30-39]. Most work was performed on carbon fiber (CF) reinforced

polymers for high performance applications like load-bearing implants and aerospace

structural parts. However, the reported results are contradictory. For instance, decreasing

mechanical properties as a function of exposure time were found for CF reinforced

PEEK in [26, 28, 40, 41] while no significant exposure effects are reported by [33, 35,

38, 39]. These opposed results can be better understood, when considering that the influ¬

ence of environmental exposure on CF/PEEK not only depends on fiber/matrix materials

and environmental conditions but also on test methods and reinforcement architecture. A

study focussed on the influence of interface degradation on the knitted reinforced strac-

T
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tures was performed by Mayer [42], who observed a strong dependence of the failure

behavior on fiber/matrix adhesion

In the presented work, environmental exposure of knit fiber reinforced composites

(KFRCs) was studied. The purpose of the m\ estigation was twofold: (a) the environmen¬

tal sensitivity of the materials was assessed, and (b) the influence of matrix and interface

properties on the mechanical properties of KFRCs was studied.

1.3. Textile composites

Composites with reinforcing textile fibers are called textile composites. If they are

designed for primary and secondary load-bearing applications, they are defined as textile

structural composites [43]. Classification of textile structural preforms is complex

because it reflects macrogcometry, i.e. shape and orientation, method of fabrication and

microgeonietry, i.e. direction of reinforcement [44], Fukuta et al. [45] classified textile

structural reinforcements according to the axis of fiber or yarn introduction and geomet¬

ric dimensions. According to this classification, laminates made of stacked UD layers are

mono-axial (fiber introduction), three dimensional (3D) composites (geometric dimen¬

sions). Contrary to Fukuta*s classification and in accordance with most researchers in the

composite field, 3D textile fabrics arc defined as fully integrated structures, having

multi-axial in-plane and out-of-plane fiber orientations 144, 46-48]. Ko [44] excludes

two dimensional (2D) textile fabrics sewed together after formation of the fabric from

these integrated 3D textiles, which are all manufactured with an inherent through-the-
thickness yarn component. 2D fabrics are defined as flat textile fabrics with most of the

fibers oriented in the plane of the fabric. In braiding, knitting and weaving, yarns are

intermeshed which introduces a curvature that results in out-of-plane orientation of a

small fiber portion. Figure 1.1 gives an oven iew of selected 2D and 3D textile fabrics.

1. "Through-thc-thickncss" means perpendicular to the fabric plane and is a commonly used term

in the field of textile composites.

4
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woven braided warp-knitted weft-knitted

XYZ laid-in 3D woven 3D braiding 5 directional

system construction

Figure 1.1: Two dimensional (2D) and three dimensional (3D) textile fabrics used as

reinforcements in structural textile composites. 3D textile fabrics reveal

intentionally integrated fibers in out-of-plane direction while in 2D composites

only a small part offibers are oriented in out-of-plane direction because of the

intermeshing ofyarns.

The additional through-the-thickness reinforcement of fully integrated 3D textile fabrics

makes the resulting composites strongly resistant to delamination [44]. Energy released

in model I interlaminar fracture of 3D orthogonal interlock fabrics showed 10 times

higher values than that of 2D laminates [49]. However, the textile manufacturing process

for 3D integrated fabrics is complex and therefore expensive. Stitching, a traditional tex¬

tile joining technology, can be applied to reduce the interlaminar delamination sensitivity
of 2D textile composites [50, 51 J. Textile layers are stitched together with a sewing
thread. Stitching of textile composites is limited by the fact that some fiber types, e.g.

carbon fibers, are too brittle to be used as sew ing threads and that fiber damage caused by
the stitching process reduces the composite in-plane properties [49].

An attractive alternative to 3D and stitched textile composites is found in knitted

fabric reinforced composites (KFRCs). KFRCs offer the advantage of low production
costs combined with the largest out-of-plane orientation observed in non-stitched 2D

textile composites.

5
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1.4. Knitted fabric reinforced composites (KFRCs)

Knitted fabrics for reinforcement are made of yarns. Yarns are defined as a linear assem¬

blage of fibers formed into a continuos strand having textile-like characteristics 152]. The

knit structure is built by interlooping one or more yams, thus forming loops, the basic

structure unit of any knitted fabric. In knitting, loops are drawn through a previously
made loop using needles. A variety of differently knitted fabrics, e.g. warp-knitted, weft-

knitted, plain- and rib structures, with and without inlay yarns, are used as composite

reinforcements.

Fabrics that are knitted together belong to the class of stitched textile preforms.

Considerable research was performed on this class [53-58]. Within this class, knitted

non-crimp1 fabrics represent a textile structure in which highly oriented non-crimp rein¬

forcement, e.g. inlay yarns are used to avoid shrinkage and deformation due to the wavi-

ness of the fibers. [59-61]. Consequently, the flexibility of the textile preform is

suppressed. Since the properties of these materials are not mainly defined by the knit

structure, they will not be further considered in the frame of the presented study. This

work is focussed on the most basic existing knit structures, i.e. plain weft-knitted fabrics.

The plain weft-knit structure is schematically presented in figure 1.1. The definitions of

the structural units in weft-knitted fabrics are indicated in figure 2.1 of chapter 2.

Weft-knitted fabrics are manufactured on flat bed or circular knitting machines.

The fabrics used in this work were produced on a circular knitting machine, using the

contrary technique [62]. This technique applies very low stress on the fiber yarns, thus

reducing fiber damage significantly. All yarn types, e.g. continuous carbon and glass

fiber yarns, commingled/intermingled~ yarns. FIT (fiber impregnated thermoplastic)

yarns, staple yarns, can be knitted using the contrary technique. Definitions and a com¬

parison of the different yarn types are given in [46, 48, 52]. Co-knitting, i.e. merging of

reinforcing and polymer fiber yarns directly before knitting was applied to manufacture

the composites studied in this work. Co-knitting docs not involve yarn intermingling

processes and, therefore, reduces the production costs.

Properties of materials reinforced with knitted fabrics were first investigated by
Marvin [63] as early as in 1961. Marvin investigated properties of glass fiber reinforced

laminates. Surprisingly, after this first paper almost no research on KFRCs was published
until the late 80's with the exception of Varin [64] who studied drapability and low pro¬

duction possibilities of KFRCs in 1982. As a result of a revived interest in textile com¬

posites during the 80's [43], the number of publications treating KFRCs increased

significantly towards the end ofthat decade. Today, a large number of scientific studies

are available, dealing with different aspects of KFRCs.

1. Non-crimp fabrics are close to a non-cump state, i.e. the suppression of the fabrics' extensibil¬

ity, which is caused by their \\ a\ mess due to interlacing of yarns.

2. Commingled is a general term expressing the existence of two fiber types in one yarn. Inter¬

mingling is a specific process applied to obtain fiber mixtures. Generally, the two terms arc

used as synonyms.

6
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Many studies concern basic mechanical properties of KFRCs [18, 65-78]. Most

experimental work presented in these papers w as performed using tensile and/or flexural

testing. Stiffness and strength values, anisotropy considerations and comparisons of dif¬

ferent materials and knit structures are ghen. More specific investigations of the failure

behavior and damage tolerance arc found in [79-85]. High fracture toughness and low

notch-sensitivity of KFRCs were reported in these papers. Energy absorption capabilities

and impact behavior were studied in [79. 86-88] It was found that the impact properties

of KFRCs are advantageous in comparison with other composite materials. Few work

was published concerning fatigue properties of KFRCs [89, 90]. In a recent study on the

fatigue properties of KFRCs produced from staple yarns, high fatigue strengths was

determined [91]. Interface/interphase characteristics and their effect on mechanical

properties of KFRCs were studied in [42, 92-96]. It was found that interface properties

reveal a strong influence on strength and failure behavior of KFRCs. The results gained
in experimental studies are often concluded in models, describing the elastic properties

of KFRCs [47, 97-105]. Most of these models are based on finite element modeling

(FEM). Analytical models, predicting failure strength under specific load conditions are

presented in [46, 84]. Some general studies treating various of the aspects mentioned

above, and thereby summarizing potentials and limitations ofKFRCs are reported in [46,

48,75,98, 106, 107J.

In conclusion, it can be stated that research, and consequently knowledge, of

KFRCs has considerably increased in the last ten years. However, the portion of compos¬

ite applications in which KFRCs are currently used is still small. Various reasons are

responsible fortius fact:

• Intuitively, knitted fabrics are considered as loose structures, inappropriate for struc¬

tural applications [ 107]. In spite of the fact that their load-bearing capabilities have

been proven, the use of KFRCs is still inhibited by their reputation.
• It has been stated that sufficient fiber volume contents cannot be reached in KFRCs

[44, 108, 109J. This common misunderstanding has been rectified in many of the

aforementioned studies. By using knit structures with low areal loop density and by

stacking several knit layers, fiber volume contents of 50% and more can be reached

[18,48,72-75,81, 106, 107, 110].
• There is an almost infinite variety of knit structures and fiber/matrix combinations that

can be used in KFRCs. Even though being a major advantage, this may also compli¬
cate the establishment of a comprehensive database for these materials. According to

Ko et al, an extensive database is an inevitable requirement to increase the industrial

use of textile composites [111 J.

1. In the pressent work, the term interphase is used for thiee dimensional phases located between

fiber and matrix bulk, while interfaces are leferrcd to two dimensional sut faces.
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On the other hand, the interest for KFRCs is steadily increasing. The main reasons creat¬

ing this interest are the followings:

• As mentioned above, knitted fabrics are very flexible structures. The resulting drapa-

bility is excellent compared to other reinforcing structures, e.g. woven fabrics. Com¬

plex structures can be shaped and reinforcement at strong curvatures is possible [18,

106, 107].
• KFRCs are coherent, meaning the reinforcing yams arc continuously connected by

loops. In weft-knitting, an entire fabric layer can even consists of a single yarn. This

coherence is very advantageous compared to short fibers and fiber mats.

• By stretching knitted fabrics, stiffness and strength is increased in the stretching direc¬

tion. This way, mechanical properties of KFRCs can be tailored to their application.

However, the anisotropy observed in KFRCs is less pronounced than for instance in

woven fabrics. Again, this is a desirable aspect in many applications.
• Because of the holes in knitted fabrics, an interlocking effect of the knit layers occurs

during processing. The individual knit layers cannot be distinguished after manufac¬

turing. Interlocking of knit layers increases the interlaminar fracture toughness tre¬

mendously. The significance of the interlocking effect depends on the loop size and

will be discussed in chapter 3 of the presented study.
• Cost considerations are of crucial importance in any material development. The knit¬

ting process itself is an established high volume technology. Production costs of

KFRCs are higher than those of short fiber composites, but significantly lower than

those of 3D structural composites and UD laminates. As mentioned before, almost any

fiber/matrix combination is possible in KFRCs. Simple co-knitting of fiber and matrix

yarns in the case of thermoplastic matrices represents an attractive low-cost produc¬
tion possibility. Furthermore, limited waste reduction or even net-shape processing is

possible with KFRCs [18, 61, 66, 81],

1.5. Aim and structure of the thesis

As summarized in chapter 1.4, the state of the art of KFRCs has considerably advanced

in the last years. However, the excessively large amount of knit structures and possible
fiber/matrix combinations complicate the validity of general statements for the entire

class of KFRCs. The presented work is focussed on two specific KFRCs, revealing simi¬

lar knit structures but different fiberimatrix materials. The primary aim of the thesis was

to study selected properties with respect to potential applications and to emphasize spe¬

cific advantages of the investigated materials. The mam objectives can be outlined as fol¬

lows:

• to investigate the three dimensional shape and orientation of the reinforcement archi¬

tecture in KFRCs and to couple it w ith macroscopic properties
• to study micro- and macroscopic failure behavior and to establish connecting links

8
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• to determine the fracture toughness and impact performance of KFRCs

• to evaluate the environmental stability of the selected KFRCs

• to extract results relevant for the considered applications

The composites studied in this thesis can be characterized regarding their reinforcement

structure and their material combination:

Knit structure. Contrary to most research on KFRCs, this work is focussed on knitted

fabrics with a low areal loop density, i.e. large loops. The areal loop density influences

interpénétration of knit layers in composites, manufactured from several stacked knitted

fabrics. Large loops include large holes which offer more space for loops from other lay¬

ers to penetrate across several layers. One of the working hypotheses of the presented

study was that this interpénétration of knit layers is substantial for the delammation

behavior of the investigated KFRCs. Additionally, large loops cause large fiber curva¬

tures which improves their reinforcing quality.

Fiber/matrix materials. Two material combinations were studied, focussing different

application fields:

• Carbon fiber reinforced poly(aryl-ether ether ketone), i.e. CF/PEEK, is used in high

performance applications, such as load-bearing implants and aeronautic structural

parts. The chemical and thermal stability ofPEEK combined with the high mechanical

properties of CFs at a low weight makes CF/PEEK suitable for both, biomaterials and

high performance engineering applications.
• Glass fiber reinforced poly(ethylene-terephthalate), i.e. GF/PET. PET experiences

increasing interest in the automotive industry. Being a thermoplastic matrix, signifi¬
cant shorter production cycle times can be reached compared to thermosets. GFs

reveal good compression properties and are substantially less expensive than CFs.

As mentioned above, this work addresses micro- and macroscopic properties of KFRCs.

In accordance with [46], a third level of observation, the mesoscopic level can be

defined. While microscopic is referred to the interface and macroscopic to the complete

structure, the mesoscopic le\el addresses fiber bundles and loops. With respect to this

definition, the first chapter is devoted to mesoscopic properties, i.e. bundle shape and ori¬

entation in KFRCs. The following sections cover macroscopic behavior, namely failure

behavior, fracture toughness and impact properties. Modifications of these characteristics

caused by environmental exposure is discussed in the consequent chapter. A consider¬

able part of the thesis treats the fiber'matrix interface in KFRCs, i.e. the microscopic
level. Finally, the conclusions drawn from the investigation of the different levels of

observation are discussed in a final chapter:

9
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Chapter 2: Materials and manufacturing

This chapter describes materials and manufacturing of KFRCs which concern the entire

scope of the thesis. Specific information, such as characterization methods, sample
dimensions and experimental set-ups are given in the respective chapters.

Chapter 3: 3D-Structure ofKFRCs

Shape and orientation of the knitted fiber bundles in a composite consisting of 8 knit lay¬

ers was reconstructed to a 3D dataset based on 2D polished sections. The observed struc¬

ture is discussed with respect to interpénétration of knit layers, bundle cross section and

bundle axis devolution.

Chapter 4: Failure behavior I: Crack growth and fracture toughness in mode I

Using a modified compact tension (CT) test, out-of-plane crack growth, energy release

rates and fracture toughness of knitted CF reinforced PEEK was investigated. Results

indicated high fracture resistance combined w ith a damage tolerant behavior. A model

describing crack propagation is proposed.

Chapter 5: Failure behavior II: Instrumented falling weight impact

CF/PEEK and GF/PET knits were subjected to impact experiments. High impact resis¬

tance compared to other composite materials was found. The fact that GF/PET knits dis¬

sipated twice as much impact energy as CF/PEEK is discussed. The impact failure

damage zones are described by means of SEM micrographs.

Chapter 6: Influence ofenvironmental exposure on the mechanical properties of
KFRCs

CF/PEEK and GF/PET knits were immersed in water at elevated temperatures. With

regard to their use in biomedical applications, CF/PEEK was additionally exposed to

simulated body fluid (SBF). While no significant changes in the behavior of CF/PEEK.

were observed, GF/PET knits revealed a substantial decrease of its macromcchanical

properties. This evidence is discussed with regard to the considered applications.

Chapter 7: Interfacial properties ofKFRCs investigated by means ofthe push-out
method

A direct interface characterization method was applied on cut-outs of GF/PET knits. A

new energy-based model to extract interfacial properties from measured push-out data is

proposed. An automated analyzing tool was developed. The interface properties of envi¬

ronmentally exposed and unexposed GF/PET knits are presented.

Chapter 8: Final conclusions

The findings from the previous chapters are summarized. The conclusions drawn from

observations on macro- meso- and microscopical level are discussed with respect to the

potential applications of KFRCs.

10
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This work arose in close collaboration with .loop de Haan [46] and Dirk Wilde [ 106]. An

extended experimental study and a mechanical model describing the structure-property

relations in KFRCs was described by de Haan [46], Wilde [106] investigated and devel¬

oped processing methods and forming tools for KFRCs. The results from this investiga¬

tion were used to manufacture the KFRCs studied in this thesis.

The presented work and the above named collaborations were supported by Brite

Euram, BRE2-0938, Project BE-7290.
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2. Materials and manufacturing

This chapter describes materials and manulactiiring of KFRCs which concern the entire

scope of the thesis. Specific information, such as characterization methods, sample
dimensions and experimental set-ups are given in the respective chapters.

2.1. Fiber/matrix materials

As introduced in the previous chapter, the KFRCs studied in this work consisted of two

different fiber/matrix combinations. In the case of CF, PEEK, reinforcing and matrix yarn

were co-knitted, i.e. brought together immediately before forming the loop. In contrast,

GF/PET was obtained as an intimately mixed, i.e. commingled yarn, consisting of fiber

and matrix filaments.

Carbonfiber (CF) - Poly(ether-ether-ketone) (PEEK)

Carbon fibers are used because of their high tensile strength and modulus at a low den¬

sity. In combination with PEEK, high interface strength is reached. Outstanding stability

in hydrous solutions is a major advantage of CF PEEK with respect to biomedical appli¬
cations. Carbon fibers type "HTA 513 1" were obtained from Tenax, Germany. The yarns

revealed a linear density of 200 tex'and consisted of 3000 fiber filaments.

Carbon fibers UTA 5131

(Tenax)

PEEK M

(Itoechst)

tensile modulus [GPa] 238 4.1

tensile sticngth [MPa] 3950 100

elongation at bieak [_%| 1 55 50

diameter [ um] 74 —

density [g/cnr] 1.77 1.32

Poisson ratio Vp 0 23 0.4

glass ttansition temperatmc T0 [°C] — 143

melting tempo aim e Tm | °C j —

t

343

Table 2 1 Mechanical andpin steal properties of carbon fibers (CF) and pohfether-ether-
kefone) (PEEK) used in knitted CF fabric reinforced PEEK

1. l.S O. unit, describing mass per unit length of a yarn. 1 te\ = 1 g/km

12



2. Materials and manufacturing

Outstanding characteristics of poly(ether-ether-ketone) (PEEK) are high thermal and

chemical stability. Yarns made of48 PEEK filaments were obtained from PEEK M, Hoe¬

chst, Germany. A PEEK grade with a relatively low melt viscosity (0.1 8 KNs/irF) was

used for better impregnation. The linear density of the yarn was 33 tex. Mechanical and

physical properties of fiber and matrix material are presented in table 2.1.

PEEK and CF yarns were co-knitted w ith a ratio of 4:1, leading to a fiber volume

content VF of 52.5%

Glass fiber (GF) - Poly(ethytene-terephtalate) (PET)

Glass fibers exhibit lower mechanical properties than carbon fibers but are substantially
less expensive than the latter. GFs are unsuitable for aeronautic applications because of

their high density compared to CFs, but their better compression properties and low price

represents attractive reinforcement for structural parts in land transportation and sports

applications.

Poly(ethylene-terephtalate) (PET) is of interest for the automotive industry mainly
because of its glass transition temperature being higher than polypropylene (PP) and its

price being significantly lower than polyamide (PA). In combination with GF reinforce¬

ment, high mechanical properties can be reached.

Commingled GF/PET yarn was obtained from Vetrotex, France. The fiber volume

content VF of the yarn was 50% at a linear density of 730 tex. E-glass1 fibers were used.

PET was originally manufactured by DSM (the Netherlands) before being processed by
Vetrotex. Amorphous and semicrystalline matrices were produced by controlling of the

cooling rate (see section 2.2). Some important mechanical and physical properties of

GFs, amorphous and semicrystalline PEP are summarized in table 2.2.

1. Normal type of glass used lor glass fiber reinforcement. "E"' stands for electrical, as the com¬

position exhibits high electrical resistance



2. Materials and manufacturing

GF E-Glass PET amorphous

(Vetrotex)
'

(DSM)

PET semicrysfalline

(DSM)

tensile modulus [GPa] 73 2.5 3.0

tensile strength fMPa] 3400 60 80

elongation at break [%] 3.3 300 70

diameter [mn] 19 —- —

density [g/cnr ]

Poisson ratio Vp I 1

2.6 1.33 1.37

0.22 0.33 0.33

glass transition temperature T„ [°C] — 70 80

melting temperature Tm [°Cj — — 256

crystallinity [%] — 0 35

Table 2.2: Mechanical andphysical properties of glassfibers (GF), amorphous and semicrvs-

talline poly(ethvlene-terephtalate) (PUT) used in GF knitted fabric reinforced PET

2.2. Manufacturing of KFRCs

Knitted fabrics

The fabrics were weft-knitted on a circular knitting machine by Buck TSP GmbH, Ger¬

many. Using the contrary technique [62j. low tension stress is applied to the fiber bun¬

dles, thus reducing fiber damage caused by the knitting process. The resulting fabrics

revealed 132 stitches per row (course) and 4 stitches per inch. Stitch size in the fabric is

measured directly after formation of the loop in the needles. All KFRCs investigated in

this work were based on knitted fabrics with a stitch size of 8 mm leading to an areal

loop density of 2.6 loops/cnr in the composite.
The structure of a weft-knitted fabric and definitions of the structural units is given

in figure 2.1. For the sake of clarity, the term "stitch1' is used for the textile fabric while

"loop" is referred to the composite material.

14
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width (=Ay)

Figure 2.1 Structure ofplain weft-knitted fabrics the knittedfabrics studied in this work

were produced on a circular knitting machine, applying the contrary technique

[62] The stitch size, measured dtreeth after formation ofthe loop, was S nun

Pre-stretching

Knitted fabrics can be pre-stretched in wale and course direction prior to consolidation.

For a given stitch size of 8 mm, stretching states were defined after [106], as shown in

table 2.3. The unstretched state was based on knitted GF reinforced PET showing a loop

height of 5.4 mm at a loop width of 7.5 mm. This state was defined as the unstretched

reference state and indexed as (100/100). The first index refers to 100%> in wale, the sec¬

ond to 100%) in course direction. For knitted CF reinforced PEEk studied in this work, an

average stretching state of (140/60) was determined, i.e. stretching of 140% in wale and

of 60%o in course direction, fhis corresponds to a loop height of 7.5 and a loop width of

4.5 mm.

is
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loop height [mm]

3.2 4.3 5.4 6.5 7.5 8.6 9.7 10.8

2.3 200/30

4.5 140/60 160/60 180/60

6.0 120/80 140/80 160/80

—

7.5 100/100 120/100 140/100

9.0 100 120 120/120

10.5 80/140 100'140

12.0 60/160

Table 2.3. Definition of stretching s täte s after / / 06 J for a given stitch size ofS mm. The butted

fabric reinforced PEEK investigated in this work revealed an average stretching
state of (140/60) Refereiu e unstretched state (100/100). i c 5 4 mm / 7 5 mm

Composite processing

CF/PEEK. Tubular fabrics from the circular knitted machine were wrapped around a

steel mold (300 x 300 x 5 mnr1), which was prev lously covered with copper foils (E-Cu,
0.3 mm) to facilitate release of the composite panels after consolidation. The knitted fab¬

rics were also covered with copper foils and transferred into a hot-press (COEEFN 300

with vacuum chamber, Germany). A temperature of 420°C was maintained at a consoli¬

dation pressure of 30 bar for 30 min. The air pressure in the vacuum chamber was

approximately 30 mbar during consolidation. All knitted CF reinforced PEEK panels
studied in this work consisted of 4 and 6 double layers1 (DL) of knitted fabric, leading to

an average thickness of 1.31 and 1.81 mm, respectively.

GF/PET - semicrystalline matrix. Four unstretched tubular double layers were

stacked, placed in a hot press (Lauffer, Germany) and consolidated to flat panels of

700 x 500 x 1.8 mm3. Consolidation temperature of 280°C was maintained at 20 bar for

20 min. The panels were cooled at 30°C s to a temperature of 30°C, leading to a semic¬

rystalline (35%o) matrix.

GF/PET - amorphous matrix. Knitted GF reinforced PET, exhibiting an amorphous

matrix, was obtained from "Institut für Verbundwerkstoffe", 1VW, Germany. The panels
consisted of 3 DL (thickness = 1.35 mm) and were manufactured using a double belt

press (DBP). Handling and processing conditions are described m [112].

1. Circular knitting machines produce tubular labiics There foi c. double layers (DL) were chosen

as the lavei unit
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3. 3D-STRUCTURE OF KFRCs

3.1. Introduction

It is evident that the mechanical properties of KFRCs strongly depend on the three

dimensional (3D) structure of their reinforcement."fhis structure, i.e. the shape and orien¬

tation of the reinforcing fiber bundles, is not only defined by the knitting process. Other

factors, such as prc-stretching of the fabric and interpénétration of knit layers, influence

the 3D reinforcement structure of KFRCs:

• Weft-knitted fabrics are coherent, i.e. continuously connected by loops. The fabric is

highly flexible and can be stretched in course and wale direction prior to consolidation

(see chapter 2). This drapability can be considered as the in-plane liberty of action in

knitted fabrics. At a constant stitch size (controlled by the knitting process), different

stretching states cause different loop shapes (determined in the composite). Conse¬

quently, mechanical properties of KFRCs depend on the pre-stretching state of the

knitted fabric.

• The large loops (areal loop density = 2.6 loops'cm") of the KFRCs investigated in this

work, were one of their key characteristics. Consolidation of a single CF/PEEK knit

layer with a fiber volume content VF of 52.5% lead to a composite with holes, because

of insufficient matrix available to fill the holes w ithin the loops. When stacking several

knit layers, this space can be filled with fiber bundles from other layers. At a given VF,
a minimum number of layers is required to reach a dense composite. The relation

between Vp and the number of knit layers is discussed in [46]. The complementary

interpénétration of loops from different knit layers not only enables dense composites,

it also introduces an out-of-plane orientation of the layers upon consolidation. As

introduced in chapter 1, this out-of-plane orientation and the resulting interlocking of

loops is assumed to reduce delamination sensitiv ity and to increase impact properties.

The purpose of this chapter was to study shape and orientation of the loop forming fiber

bundles in knitted CF reinforced PEEK in order to gain a better understanding of its

mechanical behavior and to obtain basic data needed for mechanical models of KFRCs.

The orientation and shape of CF bundles in KFRCs was studied by reconstructing
their 3D structure using a large amount of 2D polished sections. In contrast, Mayer [18]

investigated the loop orientation of KFRCs using X-ray analysis of co-knitted copper fil¬

aments. The main differences of the two methods are summarized in table 3.1.

P



3. 3D-Structure of KFRCs

X-ray analysis of coknitted copper wire 3D structure based on 2D polished sections

• determination of 2D loop orientation • determination of 3D loop orientation

• fast data acquisition: used for quality control • determination of 3D bundle shape
and analysis of shaped parts • performed on exemplary samples and small

• curvature artifacts induced by different imeshgation sizes

mechanical properties of copper wire and car¬ • reflects the real structure: interpénétration of

bon fiber bundles knit layers, bundle cross section

• conclusions on fiber bundle orientation in • conclusions on fiber impregnation, porosity,

function of stretching ratio matrix distribution, mechanics of KFRCs

Table 3.1: Aim and scope oftwo different methods to investigate the loop structure in KFRCs.

X-ray is predominantly applied to sttuly stretching and deformation effects, eg. in

shapedparts By reconstructing polished sections to a 3D structure, additional

information on the loop shape is obtained

Another method, often applied to characterize short fiber reinforced composites is the

analysis of the fiber orientation distribution using polished sections and image analysis

[113, 114]. The angle at which the fibers are cut by the polishing disc can be determined

and used to calculate the fiber orientation distribution. This method is particular y suit¬

able for short fiber composites because their properties can be determined from the fiber

orientation distribution. Investigation of the fiber orientation distribution and its correla¬

tion with some mechanical properties of KFRCs was performed in [18]. However, shape
and orientation of fiber bundles cannot be reconstructed from a fiber orientation distribu¬

tion analysis.

3.2. Methods

3.2.1. Sample manufacturing

Knitted CF reinforced PEEK was manufactured by hot pressing as described in

chapter 2. A flat panel composite of 1.31 mm thickness and a stretching ratio of (150/60),

according to the definitions gi\en in chapter 2.2 was obtained. A sample of 25 mm

width, and 30 mm length was cut from the panel and embedded in epoxy resin (Bisphe-

nol-A-epichlorhydrine, Struers, Switzerland).

3.2.2. Monitoring of polished sections

The sample was polished using a grinding machine (Struers. Switzerland). The resulting
cross section, oriented perpendicular to wale direction (fig. 3.1), was monitored digitally

by means of confocal laser scanning microscopy at a laser wavelength of 543 nm
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(CFSM, Zeiss LSM 410). Subsequently, the sample was subjected to further polishing in

order to remove 56 pm in wale direction at every polishing step. 178 polished sections

(fig. 3.1, A) were recorded, every section consisting of 14 CLSM images (B), covering a

sample range of 10 mm \ 25 mm x 1.3 mm. In order to assure correct positioning, a hole

of 0.2 mm diameter (C), drilled in the embedding epoxy resin, served as a reference

point.

Figure 3.1: Recording ofpolished section s ^\as performed by means ofconfocal laser

scanning microscopy (CTSM) One polished section (A) consisted of14 single

CLSM images (B) covering the entire sample cross section of 1.3 mm v 25 mm.

A total of 178 polished cross sections Mere recorded. A hole of 0.2 mm in

diameter (C) served as a reference point to assure similar positioning after every

polishing step.

3.2.3. Stacking of cross sections

CLSM images (fig. 3.2) were pasted to an entire cross section (fig. 3.3). The cross sec¬

tions were compiled to a stack with the aid of the program "NIH Image" (National Insti¬

tute of Health, USA) in order to browse through the sections which was necessary to

track fiber bundles through the composite.
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Figui e •? 2
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Figuie ? ? Polished cioss section pasted fiom 4 single CLSM images An entne cioss

section consiste d of 14 L LS \1 image s e o\ et ing the sample width of 2 5 mm

3.2.4. Identification of fiber bundles

Fibei bundles weie manually identified and maiked to tiace their shape and oiientation

(fig 3 4) Automatic bundle identification was not possible, mainly because of two lea-

sons

• Contiast between fibei bundle and suiiounding matnx was not distinctive enough
* Lack of a clcai dividing line between fibei bundle and matnx oi neighboiing fibei

Fibei bundle cross sections belonging to the same knit layei weie matked with the same

colot index Identification was limited to two knit lay eis, assumed to be tepiesentative

fot the entne sample Figuie 3 4 shows a cioss sections with digitally maiked fibei bun¬

dles Bundle cioss sections fiom lav et 1 of 8 (s.uiface) and fiom layet 4 of 8 (bulk) weie

matked on a width of 9 5 mm, i e appioxnuatelv 40%o of the sample width The investi¬

gated height was 10 mm, î e 178 cioss sections with an aveiage distance of 56 urn

between two sections (fig 3 I)
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Eigute 3 4 Fibei bundlesiit/c manually maiked to tiace then shape andoi tentation

Bundle 1) 01 ignis ft om knit la}ei 4 le fiom the middle ofthe sample ulule A

and B ai c sm fac c bundles fi om Ai a dtffc i e nt loops ofknit layei 1 I he fact that

knit Unci 1 and 4 can be in du cet contact nuclei lines the inexistence ofcleat h

defined mtci laminai planes and is the i l stilt ofeffective interpenett ation m

KFRCs Müh leuge loops

3.2.5. 3D reconstruction

The completed stack of 178 sections was leconsttuctedto a 3-dimenstonal data set using

the piogiam IMAR1S (Bitplane AG, Swit/eiJand) The suifaces between the cioss sec¬

tions weie calculated by means of the marching cube method [115] A 3D low pass filtet

was applied to smooth the calculated bundle sut laces m ordet to teduce data I he low

pass filter mtioduced some image aitifacts at locations where bundle thickness was vety

small

3.3. Results and discussion

3.3.1. Cross sections

Cioss sections used tot 3D leconstiuUion oi caibon fibei bundles aie shown in

figuie 3 5 Ihe white aieas îepiesent cioss sections of adjacent side limbs (see figuie 2 1)

at diffeient heights Section 1 is close to the loop head, while section 4 is at the bottom of

the loop, befoie the side limbs turn into the loop feet (see also figuie 3 6)
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3. 3D-Structure ofKFRCs

Figure 3.5: CLSMimages with manually marked bundle cross sections ofa bulk bundle. The

white areas in this figure are sectionsfrom the side limbs ofthe bundle presented

in figure 3.6. The shape ofside limb cross sections differs much from idealized

circular cross sections. The average length ofthe longer bundle section axis

(= side limb width) wasfound to be 0.95 ±0.15 mm, the shorter axis (side limb

thickness) measured 0.26 ± 0.05 mm. This corresponds to a ratio of3.7/1, a

value thai characterizes the flatness ofthe side limbs

Figure 3.5 illustrates the fact that cross section of side limbs differ much from idealized

circular shapes. The same result was found for loop heads and loop feet. However, flat¬

ness of the side limbs, characterized by the ratio bundle width/height was more pro¬

nounced than flatness of loop heads and feet. The flatness generally increased with

increasing distance from intermeshing areas. In the intermeshing of bulk layers, the bun¬

dles exhibited a width/height ratio of approximately 2.5/1, corresponding to a more cir¬

cular cross section than in other parts of the loops. This can be understood considering
the mutual stabilization of bundle cross sections caused by interlooping.

When comparing the cross sections from bundles of the of surface and bulk layers,
it was found that bundles located at the surface of the composite samples were flatter and

~>">



3. 3D-Structiire of KFRCs

therefore wider. The range of bundle width and bundle thickness measured in surface and

bulk layers are gi\en in table 3.2. Considering the fact that surface layers are in direct

contact with the steel mold during consolidation, the more emphasized planarity in sur¬

face layers could be expected.

1

j
surface layers bulk layers

bundle width [mm] 1.1 - 1.3 0.9-1.1

bundle thickness |mmj
,

0.25-0.27 0.26 - 0.4

Table 3.2: Range ofbundle width and thicknes s in surface and bulk layers determined from

cross section analysis. Bundles from surface layers were found to be more planar
which can be understood considering the direct contact ofthe surface layers with

the steel mold during consolidation

3.3.2. Single bundle

A 3D reconstructed bundle from the bulk (knit layer 4) of the studied knitted CF rein¬

forced PEEK sample is shown in figure 3.6. Loop width and height are indicated accord¬

ing to the definitions given in chapter 2, figure 2.1. The z-spacing of a loop is defined by

the largest bundle axis extension in z-direction. a v aluc that characterizes the vvaviness of

a knit layer in out-of-plane direction. In contrast to z-spacing, z-spreacl refers to the larg¬

est out-of-plane extension of loop surfaces, i.e. the largest z-distancc of two points

belonging to the same loop or knit layer (fig. 3.6).

The knitted CF reinforced PEEK investigated in this work was stretched in wale

direction. Its stretching state was (140/60), i.e. re\ealed a loop width of 4.5 mm and a

loop height of 7.4 mm (definitions see table 2.3).
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Figure 3 6

3D orientation and shape of carbon fibei

bundles m knittedfabric t einfoiced PEEK

150 e t oss sections were anahzccl to

calculate the 3D structure of the presented

bundles which were located m the bulk of

the flat panel The presented structure is

stretched m wale (140/60) Average

dimensions for bulk loops are

A\ - 7 4 mm (loop height)

A\ =45 mm (loop width)
Az, 0 6 mm
spaan<i

Azspn a(j =10 mm (see figure 3 9)

fines numberedfrom 1 to 4 refer to the

a oss see lions shown in figure 3 5 Low er

bundle i ow is drafted in grey

3.3.3. Knit layers

In figure 3.7 an overview of the studied surface and bulk bundles is given as a view on

the x-y plane. As mentioned above, smoothing of data usmg a 3D low pass filter intro¬

duced some image artifacts, fhis occurred only at location where the studied bundle was

thm, i.e. consisted only of a few pixel. The single bundle presented m figure 3.6 was cal¬

culated with less smoothing, therefore the image artifacts could be reduced.

Knit layers A and B were located at the surface, layers C and D m the bulk of the

studied KFRC sample. The more pronounced flatness of the surface layer (fig. 3.9) was

caused by its direct contact with the steel mold and the resulting limited liberty of action

throughout hot pressing. For the same reason fusing of side limbs was observed predom¬

inantly m surface layers (fig. 3.7).

The bundle axis of the loop heads was found to be well approximated by circles

(fig. 3.7), connected with side limbs, approximated by straight lines. Figure 3.8 shows

details from surface and bulk bundles m a perspective view.
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a; if '
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Figure 3 7 TD tec onsti action of knitted cai bon fihte bundles in a PEEK matin (wewon

\-vplane) 1 he images show suifm c (knit Unci 1 of S) and bulk bundles (Icnei 4

of 8) Loop geometi y can be appi oximated m ith c n cular loop heads c onnected

by stt aight side limbs Side limbs of ad/ae ent bundles were obsei vecl to fuse

togethet nuclei the effect ofpi es sin e and temperature throughout hot pi es s mg

a) surface b) bulk

Figuie 1 8 Sm face (Una 1) and bulk loops (lenci 4) in a pa spectneview Necti the

inta meshing contact aieas bundles weie obsa \cd to be less planar than in the

side limbs Ihe bundle cms of loop heads Mas found to be appioximate/y

cuculai (see also figuic ? 7)



3. 3Déstructure ofKFRCs

The same surface and bulk layers as in figure 3.7 are shown as a view on the y-z plane

(course is horizontal) in figure 3.9 a-b. Despite the fact, that two other knit layers

(2 and 3) are located between surface and bulk layers, they showed direct contact areas

with each other (see also figure 3.5). To better distinguish between surface and bulk lay¬

ers, they are presented separately in figure 3.9 b, i.e. with more z-distance between them

than in reality (figure 3.9 a).

Figure 3.9: View on the y-z plane, i.e. course is horizontal Thefirst 3D plot (a) reproduces

real proportions, the clashed line represents the thickness erfthe studied sample

consisting of8 knit layers. Considering the fact that Wo additional layers in

between the presented surface and bulk layer are not drawn, it becomes clear

that distinctive interlaminar planes do not exist in the studied knittedfabric

reinforced composite. Loops belonging to different knit layers interpenetrate

each other, thus suppressing interlaminar planes. To better distinguish the

.surface from the bulk layer, they are presented separately in (b). The z-spreacl of
the knit layers was found to be 1.5 times higher in bulk layers than in surface

layers. One bulk layers is spread over approximately 80% ofthe thickness ofa

sample consisting of8 knit layers.

The theoretical thickness of a single knit layers is obtained by dividing the total sample
thickness by the number of knit layers, i.e. 0.163 mm in the case of the investigated com¬

posite. The measured z-spread of a single knit layer located in the bulk was 1.05 mm, i.e.

6.5 times higher than its theoretical thickness. This means that a single bulk layer was

spread in approximately 80%, a surface layer in 50% of the total sample thickness.
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3 W-Simciitte of KFRCs

3.3.4. Quantitative analysis

As observed in figure 3.9, a difference in the /-spread of surface and bulk layers was

found. To get a quantification across all knit layers, the z-spread of loop heads was mea¬

sured (for definitions see figure 3.10). The studied composite volume contained many

loop heads, but only very few entire loops Therefore, the z-spread of loop heads instead

of entire loops was investigated m oidei to inciease the statistical relevance of the

results

location where loop is widest

(* loop width, see figure 3 6)

z-spread

Figure 3 10 Definition of the z-spread of loop heads This value could be determined for

mote than 20 loop heads Mithin the imestigatedcomposite volume uheieas

measm ing ofz-spt eacl ofentii e loops mus possible only for vet y few loops

because it i ecjiin es the entu e loop geometi \

23 loop heads from all 8 knit layers were investigated to determine the z-spread of loop
heads. Results were plotted m function of knit lay eis (fig 3 11)
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Figure 3 11 z-spi ead of loop heads fiom all S single knitlcnei s of the investigated composite

aiea(a) Results show swnmetn m ith i espect to the middle of the sample

(laxet 3 4) Therefore and to inciease statisticalrele\ance, results of

Icnei 1 and 8 Icnei 2 and 7 etc vei e enci aged and plottedversus the sample

depth ofa s\ mineti teal knitted fahi ie i einfoi e ed composite (n>4)
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3. 3D-Slruclure ofKFRCs

Two characteristics can be determined from the quantitative analysis of the z-sprcad of

loop heads across all 8 knit layers:

• A symmetrical behavior with respect to the middle of the sample depth was observed.

• The z-spread of loop heads increased from 0.49 mm (surface) to 0.71 mm (bulk). This

is in accordance with the z-spread of entire surface (0.69 mm) and bulk(1.05 mm) lay¬

ers (see figure 3.9), which corresponds to the same relative increase.

3.4. Conclusions

The following results summarize the 3D analysis of knitted CF reinforced PEEK;

• The in-plane bundle orientation was found to be well approximated by circles con¬

nected with straight lines (fig. 3.7).
• Planar bundles were observed. The highest ratio thickness/width was found in the side

limbs (~- 4/1) of the loops, the lowest in the intermeshing areas (~ 2.5/1).
• Bundles from surface layers were found to be flatter and wider than bundles from bulk

layers. This is a consequence of direct contact with the steel mold during consolidation

(fig. 3.5, fig. 3.9). Adjacent side limbs fused together under the effect of pressure and

temperature throughout hot pressing (fig. 3.7)
• The investigated bulk layer revealed a z-spread of 1.05 mm, i.e. it was spread in

approximately 80%o of the total sample thickness. The surface lay/er showed a smaller

z-spread of 0.69 mm which corresponds to 50% of the total sample thickness.

• The z-spread of loop heads was symmetric w ith respect to the middle of the sample

depth. It increased from 0.49 mm (surface) to 0.71 (bulk).

From these findings it can be concluded that distinctive interlaminar planes do not exist

in the studied KFRC. The fact that a single bulk layer is spread over more than 6 times of

its theoretical thickness confirms the assumption that an effective interpénétration
occurred during consolidation. Because of this interpénétration, interlaminar fracture in

between the knit layers is assumed to be very unlikely. In fact, delamination caused by
shear stresses in perforation impact was found to occur across several knit layers (chap¬
ter 5).

The cross section data of fiber bundles and the loop geometry, observed as circular

loop heads connected by straight side limbs, served as input for a mechanical model of

KFRCs proposed by de Haan [46]. He found that both, the geometry of the loop and the

dimensions of the fiber bundle cross sections are major structural parameters which

determine the material response. This leads to the conclusion that the knowledge of the

3D structure is crucial for the description and prediction of the mechanical properties of

KFRCs.
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4. Crack growth andfracture toughness

4. Failure behavior I: Crack growth and

FRACTURE TOUGHNESS IN MODE I

4.1. Introduction

Various researchers studied interlaminar fracture, considering delamination as one of the

most fragile properties of composite materials [36, 116-118]. Contrary to most 2D com¬

posites, the knitted fiber reinforced composite (KFRCs) studied in this work is not sensi¬

tive to delamination. Throughout consolidation the knit layers interpenetrate each other,

leading to a composite material without distinctive interlaminar fracture planes. It was

shown in chapter 3 that a single bulk knit layer in a KFRC consisting of 8 layers was

spread over 80%o of the sample thickness. This intense interpénétration across several

knit layers excludes the existence of distincthe interlaminar fracture planes observed in

most other 2D textile composites. Because of the absence of interlaminar planes, inter-

laminar fracture of KFRCs is strongly suppressed and, for the same reason, can hardly be

investigated using common techniques such as double cantilever beam (DCB) or end

notched fracture (ENF). Prior investigations on DCB experiments with knitted rein¬

forced composites led to the conclusion that the fracture path does not remain between

two knit layers. After a very short crack propagation length, bending failure instead of

interlaminar crack propagation was observ ed [ 119].

Because of the interpénétration of knit layers, delamination is not considered to be

one of the limiting failure characteristics of KFRCs. Out-of-plane, i.e. intralaminar frac¬

ture is assumed to be of higher importance to characterize failure properties and damage
tolerance of KFRCs. This chapter is focussed on the mechanisms of out-of-plane crack

growth in course and wale, investigated quantitatively and qualitatively. The latter

requires the application of fracture mechanics to knitted fabric reinforced composites,
the former was done using thermography and scanning electron microscopy (SEM). The

aim of the study was, (a) to obtain values for the intralaminar fracture toughness of

KFRCs and, (b) to gain an understanding of the mechanisms of crack initiation and prop¬

agation starting from a notched tip. Notches occur in many practical applications of com¬

posites and are likely sites for crack initiation. Understanding the response of a

composite part to the presence of load and notches is important in order to select the

appropriate design and material for a specific application.
The definition of loading angles relative to the reinforcing knit structure is given in

figure 4.1. In the present work, two cases were studied: Load applied in course lead to

cracks propagating in wale, defined as 90° testing (fig. 4.1). Consequently, 0° testing is

referred to load in wale and crack propagation in course.
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4. Crack growth and fracture toughness

90° compact tension

load

crack propagation

_CD
CO

course

0° compact tension

Figure 4.1: Definition of loading angles relative to the knit structure. Two cases were

distinguished load applied in course, leading to crackpropagation in wale and

vice versa

Energy release rates Gtc and fracture toughness K|C of knitted CF reinforced PEEK

were determined in a modified compact tension experiment using linear fracture

mechanics. Plastic deformation was neglected, because tensile and bending behavior of

knitted CF reinforced PFEK was found to be predominantly elastic up to failure [46].

4.2. Methods

4.2.1. Thermography

Thermography is used to investigate and control composite manufacturing and quality

[120-124]. It is applied in non-destructive testing (NDT), e.g. quality control of the final

composite part (active thermography) and to study heat development in damage propa¬

gation in destructive mechanical tests (passive thermography). In this work, both meth¬

ods were used. Passive thermography was applied to monitor heat emission of crack

growth and active thermography to study the damage zone after testing.

Passive thermography

The fracture process was monitored online using passive thermography in order to study
the damage development in mode 1 compact tension experiments. Passive thermography
is based on the fact, that fracture processes lead to a local temperature increase. A ther¬

mal wave from the damage location to the sample surface increases the temperature at

the surface which leads to the emission of a temperature dependent radiation according
to Planck's law. This radiation is monitored by a infrared (IR) thermocamera and con¬

verted into an absolute temperature scale.
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4. Crack growth andfracture toughness

To study the failure process throughout compact tension testing, sequences with a

maximum of 8 passive thermographs per second were recorded. The first thermograph

recorded at the beginning of the experiment was subtracted from the followings in order

to extract effects caused by the failure process.

Active thermography

Active thermography is applied to detect material defects, such as cracks and pores. The

sample is irradiated with an external IR source. The dynamics of the reflected radiation

distribution is measured by an infrared thermocamera. In the present study, this was done

using an IR source with modulated radiation. The harmonic modulated, i.e. sinusoidal,

radiation from the external IR source generates thermal waves at the surface of the sam¬

ple from where propagation into the material occurs. This thermal wave is reflected at

defaults (cracks, porosities, etc.) in the sample because of the changing physical heat

parameters. The interference of incoming and reflected waves leads to a harmonic oscil¬

lating radiation pattern on the object surface.

Phase- and magnitude thermographs

Every pixel in the thermograph is calculated from a thermal signal from its correspond¬

ing location on the sample surface. The resulting thermograph of 272 x 136 pixels can be

displayed based on magnitude or phase signal of the thermal wave.

The magnitude is determined from a signal difference, therefore, in a magnitude

thermograph, the reflected ambient radiation is eliminated. The thermograph calculated

from the phase is independent of surface effects like inhomogenous illumination,

because it contains an additional division of the signal differences. Examples of each

mode are presented in figure 4.2. Both images were taken of the same compact tension

specimen.

Magnitude thermograph phaSe thermograph

Figure 4.2: Magnitude (left) and phase thermographs (right). Elimination ofthe ambient

radiation and calculation ofthe absolute surface temperature are advantages of

magnitude thermographs. To avoid temperature gradients caused by non

perpendicular irradiation, phase thermographs were used.
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Experimental setup

An infrared thermocamcra (Thermovision 900, Agema, Sweden) with a spectral wave¬

length range of 8 to 12 pm, a sensitivity of ^ 0.08°C and an accuracy of ± 1°C was used.

Thermographs containing 272 x 136 pixel were calculated. The camera was covered

with aluminium paper to minimize the influence of ambient thermal radiation. The dis¬

tance between sample surface and lens was 110 mm. The entire experiment was moni¬

tored online using a video cassette recorder (PANASONIC VCR AG-7350). A scheme of

the experimental setup is presented in figure 4.3,

video

camera

compact tension (CT)

specimen

load

tensile testing
device

IR source for

active thermography

infrared

thermocamera

VCR

Figure 4.3: Experimental setup of thermographic analysis in compact tension experiments of

knitted CF reinforced composites Whereas passive thermography was used

online to study heat development ofcrack propagation, active thermography

was performed on tested specimens to investigate the damage zone

4.2.2. Modified compact tension (CT) test

Manufacturing ofcompact tension samples

Knitted CF reinforced PEEK with a fiber \olume fraction of 52.5%o was manufactured as

described in chapter 2.2. Panels consisting of 6 DL of knitted CF fabric leading to a

thickness of 1.81 ± 0.05 mm were obtained. Compact tension samples of 136 mm length
and 80 mm width were cut from the panels using a diamond coated circular saw (Rein-

hard, Switzerland). Holes of 12 mm diameter were drilled using a PCD (polycrystalline

diamond) drill (HAM-PRAEZISION, Switzerland). A notch of 22 mm length and

0.22 mm width was brought in using a wire diamond saw (Well 3242, Switzerland).

Mixed mode device by Benitz and Riehard j125]

Mode I energy release rates (G1C) were determined by means of a modified mixed mode

device designed by Benitz and Richard [125]. This device offers the possibility to per¬

form experiments in mode l. mode II and mixed modes. Ffowever. in this work only
mode 1 energy release rates were studied.
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Technical schemes and pictures of the testing device used in compact tension arc

shown m figure 4.4. The testing device was bedded with needle bearings in order to

reduce friction to a minimum

1

h----^

o o
()

rigute 4 4

Mixed mode device by Benitz and Richard

1125] used to determine energy release rates

and ft ae tine toughness A modified compact

tension experiment was performed using the

dewce m mode I

The compact tension samples were loaded in a tensile testing apparatus (Zwick 1456,

Germany) applying a crosshead speed of 0 5 mm mm. Displacement was recorded at the

load points. Load point displacement was used to calculate the energy released through¬
out crack propagation. The compliance of the mixed mode device and of the tensile test¬

ing apparatus (= system compliance) were taken into account by measuring force vs

displacement using a very stifi steel sample and subtracting this curve fiom the actual

experimental data (fig 4 5) I he elastic behavior of the knitted CF reinforced PEEK

compact tension samples was addressed in the experimental relation between crack

length and sample compliance desciibed below (compliance method)
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a) b)

Figure 4 5 Measuring (a) and subtracting (b) of s\ stem compliance from the actual

expei intentai data The sxstem consists of tensile testing apparatus and mixed

mode device The s\ stem c ompliance Mas measured using a very stiffsteel

sample (a) A foree-chsplacemcnt plot hefoie and after system compliance

correction is presented in (b)

Compliance method

Most fracture mechanics methods require the in-situ measurement of the crack length

during crack propagation. However, crack propagation in knitted CF reinforced PEEK

was wavy and accompanied by crack splitting (fig. 4.6). Crack splitting occurred to dif¬

ferent extends on both sample surfaces. Therefore, calculation of energy release rates on

the basis of a measured crack length would lead to errors. A better approach was found m

the compliance method. An experimental relationship between elastic sample compli¬
ance and different notch lengths was determined. This way, an apparent crack length
could be deduced from the compliance at every point of the load-displacement curve.

The apparent crack length is the theoretical concept of a single, linear default, entirely

responsible for the increasing compliance. If crack splitting didn't occur, the apparent
crack length would corresponds to the real, linear crack length. In the case of crack split¬

ting, the apparent crack length is a combination of macroscopic crack length and micro¬

scopic crack splitting, thus taking into account both effects. Since linear fracture

mechanics is based on the assumption of a single, linear crack, the apparent crack length
is the correct value to calculate energy release rates GIC For the sake of simplicity, the

apparent crack length will be called crack length a m this work.

U
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notch

tip

crack propagation

5 mm

CD*
CO

zs

o
o

waie

Figure 4.6: Macroscopical crack in 90° compact tension testing (load in course, crack in

wale) reflected the knit structure since it propagatedpredominantly along the

fiber bundles. It was accompanied bv crac k splitting (arrows). By establishing a

experimental relationship between crack length and sample compliance both

effects are taken into account for the calculation ofenergy release rates Gjq

An analytical and experimental study of the compliance method is given in [117, 126]. In

these papers a finite element method (FEM) analysis of the elastic behavior of CFRP

double cantilever beam samples was performed to establish an analytical relation

between crack length and compliance. Due to the shape and the complex anisotropic

properties of the knitted CF reinforced PEEK compact tension samples, the present study
is restricted to an experimental approach.

h compliance X = L/F
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load applied in

CT experiment
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- 4
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OO

machined-in

notch length
(= apparent
crack length a)
1 = 5 mm

2 = 10 mm

3 = 15 mm

etc...

displacement L [mm]

Figure 4.7: Principle of the compliance method as applied in this work. In order to establish

an experimental relation betneen apparent crack length and compliance, the

latter was measureel using samples with different notch lengths brought in by

means of a diamond saw.
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4. Crack gi owfh andfracture toughness

The experimental relation between crack length and compliance was established by mea¬

suring the elastic response of compact tension samples with machined-m notches of dif¬

ferent lengths (fig. 4.7). To measure the compliance, notches of different lengths (steps

of 5 mm, covering the range 0 to 55 mm) were brought into a CF/PEEK compact tension

sample with a diamond saw and the elastic compliance of the sample was recorded and

plotted versus the notch length (fig. 4.8).

In order to derive the crack length at e\ery crack propagation step from the load-

displacement curve of a compact tension experiment, notch length vs. compliance was

fitted using the function:

in A

//-, + A

+ K, (1)

where a

X

11J -3

= crack length (- notch length) [mm]
- compliance [mm N]
- fitting parameters

Equation 1 was used as a mathematical function, fitting the crack length vs. compliance
data with a correlation factor of R~ ^ 0.95 (fig, 4.8).
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Figure 4 8 Notch length plotted vs compliane e The measured data points Here fitted in

order to establish a relationship betw een crack length and compliance which

allows to determine the crack length Mithout actually measuring it

A disadvantage of the experimental compliance method as applied in this work, is the

fact that establishing of the crack length vs. compliance relation and the actual compact

tension experiment cannot be performed on the same samples.
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Energy release rates

Energy release rates were calculated according to linear fracture mechanics:

Grc -

IE
el del

Ac/ • B
(2)

where AG|c - Energy release rate [J mm"]

AECI(K)v = Energy [J], released in a crack propagation step of Aa

Aa =- crack growth [mm]
B - sample thickness [mm]

The crack growth Aa = a-, - at (difference in crack length before and after a crack propa¬

gation step) was determined directly from the load-displacement curve of the compact

tension test using the experimental relation between crack length and compliance (see

figure 4.9).

compliance A = L/F

(L-pF-)) o À-] <=> a-i

0
o (L2F2) c> A2 ^ a2

Figure 4 9

Calculation of the energy released

in a crack growth step (AE) and of

the related crack growth (Aa)

determined directly from the load-

displacement plot recorded in a

compact tension experiment The

equations are based on linear

fracture mechanics, assuming that

plastic deformation can be

neglected

displacement L [mm]

The energy released in a crack propagation step (AE) was also deduced directly from the

load-displacement curve (fig. 4.9). fhe total energy change AEtot of a crack propagation

step can be expressed as follows:

Aktot - AEilaUu+ <\E(Ulck (3)

where AEelastlc is the elastic energy stored in the compact tension sample. AEtot can be

written as:

A£
to,

= (L:f:dL= j(F,+*•,)(!,-/,,) (4)
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The elastic energy stored in the tensile testing apparatus and the mixed mode device is

already taken into account by subtracting the system compliance from the experimental
data (see figure 4.5). AEe|astlc is equal to the difference in potential energy of the two

points (LjjFj) and (L2.F2) on me l°ad displacement curve:

^etastic = U^-i^l (5)

AEcrac]< is the energy released by the crack, i.e. the \ alue to be determined:

AEuaeL = &Etot A£c/,nm = tU'2^1 LlFl) (6)

With AEciack and Aa, calculation of energy release rates GIC is completed applying

equation 2.

Energy release rates were calculated for cracks covering a range from an
~ 22 mm

(brought-in notch length) up to a = 50 mm (90° testing) and a = 35 mm (0° testing),

respectively. Beyond this range, the compliance method could not be applied because of

extensive out-of-plane deformation.

Fracture toughness Krc

With the determined energy release rates Gir. fracture toughness K[C was assessed

KIC = fGlc-E~ (7)

where KIC - fracture toughness [MPa m ]

Gj(- =

energy release rate [.1 nr]
E* = effective modulus [GPa], calculated after [127]:

F
=

ßE)llin'x''2 +

^:
(8)

where F* = effective Modulus [GPa]

E| =-- Young's modulus (direction of crack growth) [GPa]
Ei = Young's modulus (load direction) [GPa]
G12 shear Modulus [GPa]

Vj2 — Poisson ratio []

Depending on the test direction (90° or 0", see figure 4.1) different moduli were applied
for E{ and E2. In 90° testing, Young's modulus of knitted CF reinforced PEEK in wale

vs
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was used for E{ and modulus in course for E2. Consequently, Ej was set as modulus in

course, E2 as modulus in wale for 0° testing.

Determination of poisson ratio v and shear modulus Gi2 is described in [46].

Table 4.1 summarizes the input values and results of equation 8.

El [GPa] E2 [GPa] G i2 IGPal VII E* |GPa|

90° 49 15 7.2 0.57 18

0° 15 49 7 2 0.57 38

Table 4 1: Input values for the calculation of the effectne modulus E* after [127] The effec¬

tive modulus used to assess fracture toughness Kjq depends on the loading angle

applied in compact tension experiments

s9
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4.3. Results and discussion

4.3.1. Thermography

The thermographs presented in this section were recorded from compact tension experi¬
ments with a slightly different load situation than the setup applied for energy release

rates determination, described in chapter 4.2.2. Load points were placed in the middle of

the sample and not over the notch, therefore causing larger crack propagation steps

accompanied by more pronounced load drops. The observed phenomena were identical

in both experimental setups. However, with the load points in the middle of the sample,
the degree of damage was larger due to the more unstable crack propagation.

Load in course, crack in wale direction (90°)

Sequences. The following thermographs (fig. 4.10) were recorded in passive mode

shortly before and at the first major crack growth.

Figure 4.10: Sequence ofthermographs recorded in passive mode shortly before (1) and at

the first major failure event. The artifacts left of the notch tip were caused by
extensiomefers. In (2) first failure events (A) are visible very close to the notch

tip. In (3) other minor damage were observed further away from the notch

tip (13), shortly before the first major crack growth (C) occurred in (4).

Minor damage events, observed shortly before the first major crack, propagation, are

assumed to be caused by fiber failure located in a distance of 0 to 10 mm from the notch

tip. In the force displacement plots, theses events could be correlated with small load

drops before maximum load was reached (fig. 4.11). Intensive heat emission as shown in
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4 Ciack growth and ft acinic toughness

hguie 4 10 (4) was always caused by ma|oi, macioscopic crack giowth Theimogiaphs

as shown in figuie 4 10 (3) were not accompanied by visible ciack ptopagations, but

lathei cotielated with crack splitting (fig 4 6)
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Toad-ch splacement cuixe of a e ompact

tension expet intent apply ing load in

com se (90°) Minoi and nia/oi load

di ops wet e coi i elated with

theimogiaphs (fig 4 10) Mmoi load

oecui i wig befot e load di op fi om Fmax

aie assumed to be caused bx fibei

fallut e located in the \ icindx of the

notch tip Load drop ft om Finax m as

c oi i elated with majoi a ack gi om th

and intensive heat emission

Active thermography. I he damage zone w as mv estigated using active diet mogi aphy

Magnitude- and phase theimogiaphs weie taken to investigate shape and orientation of

the damage zone (fie 4 12)
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figure 4 12 Magnitude- and phase image of a te sfed knitted CF fcibi ic i cmfoi ccd PI EK
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to fallen the fiba bundle matin intcifacc
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Load in wale, crack in course (0°)

Sequences. Compact tension expenments with samples loaded m wale (0^) lead to

highet maximum loads because of the highei densitv of bundles onented m load ditec-

tion Figure 4 13 shows a sequence of theimogtaphic pictures, taken beiote and at the

first major ciack giowth In 0° testing, spots as shown m figuie 4 13 (B), ansmg fiom

suiface displacement, weie obseived m the theimogiaphs As descubed m chaptei 4 3 1,

the hist thermogiaph m the sequence was subti acted fiom the otheis m ordei to exfiact

failuic events Because ol this subtraction, sin lace locations with changing thetmal emis¬

sion become appaient m the thermogiaphs 1 he spots in (B), fig 4 13, did neithet disap¬

pear not move and became moie intensiv e thioughout the experiment 1 his indicates that

they weie caused by deformation rathet than damage In 0° testing concentrated defor¬

mation including an out-ol-plane component is expected in the mteimeshmg aieas,

wheieas m 90° testing defoimation is homogeneously distnbuted between fibeis and

matrix Out-ol-plane deloimation at the sample sin lace affects the thermal emission at

the locations of defoimation Iheietote the spots in (B) aie assumed to be caused by

out-of-plane defoimation ol the mteimeshmg aieas Deloimation of mteimeshmgs

occuned to a much lessei extend in 90° testing (fig 4 10) which explains the fact that

the spots weie obseiv ed m 0 testing only

Figuie 4 1A Passnc tha mogi aphic sequence of a compiict tension cxpeiiment apphing load

in Male (0 ) Minoi damage c\cnts ( I) and ma/oi a ack gtoMth (C) mcic

coi iclatcdM ith the tespeetnt load displacement cui\e Compai ed to 90 testing

(stc figuie 4 10) the faillite ptoeess gcncuitcs moie thetmal tadiation which is

clisti ibided in a leu ge i damage ai c a The spots m ai ea (B) at e assumed to be

caused b\ deloimation of inta nie slung anas located at the sample suiface
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4 Ciack giowth and fiactuie toughness

Active thermography. Magnitude- and phase thermographs taken after 0° testing are

shown in figure 4.14. The fracture path was found to follow loop heads (A). Bridging (B)

occurred from one row of loop heads to the next.

Magnitude image Phase image

Figure 4 14 Acinc theimograpln of tested 0 compact tension sample The fracture path was

observed to follow the loop heads along the bundle/matrix interface (A) In some

cases bridging to anothei i cm of loop heads occm i cd (B) The damage zone is

significantly larger than m the case of 90 ~'

compact tension testing (see

figure 4 12)

A more detailed description of failure mechanisms in mode 1 is given m chapter 4.4,

combining the findings from thermography w ith numerical results and SEM investiga¬

tions.

4.3.2. Energy release rates GjC

Load in course, crack in wale (90°)

Figure 4.15 (top) shows a representative, system compliance corrected load-displace¬

ment curve of a 90° compact tension experiment. A criterion for significant crack growth

was defined m order to calculate energy release rates GjC (equation 7). Load drops of

more than 80 N were found to be a reasonable value for significant crack growth. Minor

damage occurred throughout the entire experiment after load surpassed 1000 N. How¬

ever, these minor events were neither accompanied by significant load drops nor by mac-

roscopical crack growth. Calculation of GiC was limited to significant crack growths.

In figure 4,15 (bottom), energy release rates GjC are plotted versus the crack

length. Crack lengths at every significant crack growth were determined using the com¬

pliance method.
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Figure 4.15:

Typical load-displacement curve ofa

90
°

compact tension experiment The

load drops indicate crack growth

Depending on the location of the notch

tip, small crackpropagations were

observed before the maximum force

vas reached. The criterion for

signifcant crack growth, i e

calculation of'Gjcj was defined at toad

drops >80N.

Literg\ release rates were calculated

(equation 7) from every significant

erackgroM'th andplotted versus crack

length (corresponding to length

reae bed after the respective crack

grow th). Values below a crack length

of 50 mm are taken into account

Ben oud fhis limit, results are invalid

due to extensive out-of-plane

deformation of the sample

Significant load drops were found to be equivalent to a crack propagation step Aa of

maximum 8 mm. When crack length surpassed 50 mm, values for G\ç increased heavily.
This is a consequence of extensive out-of-plane deformation of the sample. When

exceeding 50 mm, the crack tip was getting too close to the opposite border of the com¬

pact tension sample and linear fracture mechanics assumptions are no longer fulfilled.

Selection of specific energy release rates. In order to compare GIfj of different sam¬

ples, specific values on the G(c ^- crack length curves were chosen. Two crack propaga¬

tion steps could be distinguished unambiguously on every load-displacement curve of a

compact tension test. One is the load drop from Fmax, the other is the first significant
crack growth (AN ^ 80 N) on the load-displacement plot. In most cases, the first signifi¬
cant load drop was found to be followed by load drops from Fmax as shown in

figure 4.1 5. In some cases, however, these two values corresponded to one single load

drop or a third significant crack growth occurred in between (fig. 4.16).
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Figure 4 16 Load-displacement and Gp is a ack length plots ofcompact tension

experiments m 90° direction lop fhe fit st significant load drop (AN^- VON) is

not directly followed In c rack grov th occuri mg at Fmfn In the resulting enei gx

i clease i cites i s a ack length c m \ e the i espective Gjr values diffei

significantly Bottom The fit st significant load drop occurred at Fmax te onlv

one specific energy i elease i ate w as detei minedfrom this cm vc

A significant difference was found between the energy release rates referring to the first

significant load drop and those determined at rmav Results from 6 independent compact
tension experiments are summarized in table 4 2.

G1C (1sl significant) GtC (Fmax)

IkJ/mnr IkJ/mnr

aveiace 22.5 31.7

standaid dc\ lation, % in ( ) 9 I (40M 6 9(22%)

Table 4 2 Energy i elease i ates at the first significant ciack gi om th (AN>80N) and at crack

giowth fiom Tlllax I /otic/ cneiagc of Gjpat f significant crack growth was found
while its standaid deviation was lughei
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4. Crack growth and fracture toughness

A possible explanation of the differences in G1C at the first significant load drop and at

Fmax is found when considering the notch tip position in different compact tension sam¬

ples. The SEM analysis of the fracture surfaces (chapter 4.3.4) indicated that crack

growth is mainly controlled by the distribution of bundles oriented in load direction. The

crack is assumed to be stopped in locations with a high density of these pinning bundles.

The notch tip position in compact tension samples is randomly distributed relative to

these locations. Depending on the notch tip position, the first significant crack could also

occur in areas with a few pinning bundles, whereas crack growth from Fmax would only

start from locations with a high density of pinning bundles. The distribution of pinning
bundles is defined by the 3D reinforcement structure (see chapter 3) and is independent

of the notch tip position. Therefore, G\q from Fmax is assumed to be a material parameter

whereas G|C of the first significant crack growth depends on the notch tip position rela¬

tive to the reinforcement structure, 'fwo observations confirm this assumption, hirst, the

value found for Gjc at the first significant crack growth is lower and second it revealed a

higher standard deviation (table 4.2). This is not surprising, when assuming its depen¬
dence of the randomly distributed notch tip position.

Load in wale, crack in course (0°)

The analysis of 0° testing was done similarly to the 90° case presented above. Similar

behavior was observed at substantially higher loads, leading to superior energy releases

rates. Figure 4.17 shows results determined from a 0° representative compact tension

experiment.
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Figure 4.17- force vs displacement curve of a compact tension experiment applying load in

wale (0°) The respective Gjp- vs crack length plot reveals rapid increase ofthe

Gpp values in function of the crack length This is due to extensive out-of-plane

deformation of the compact tension sample which limited the validity ofthe

0° testing to a maximum crack length of approximately 35 mm.

Out-of-plane deformation (fig, 4.18 b) was observed to be higher than in 90° testing
because of the higher load levels. This limited the validity of the determined energy
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4 Ci ack °row th and fi adui c toughness

i elease rates to a maximum crack length ol appioximately 35 mm (fig 4 17, light) Fiac-

tuie paths that wete neither straight noi petpendtcular to load weie often obseived in

0° testing

a) b)

Table 4 3 summanzes the lesults found foi Gj^ m 0° testing Similat to 90° testing,

eneigy telease tates at the hist significant load diop ate substantially lowei than those

Gj(_ (F significant)
i

|kJ/mm~]

GiC <Fmax)

fkJ/mm2l

avetagc 53.5 73.7

standaid deviation % m ( ) 12 ^ (21 °o) 14 9(20%)

Table 4 3 Enetgx telease tates at the fust significant ciack gicmth (AN>80N) and at ciack

giowth fiom 1
max

It is assumed that the chffaenee is caused by the divei se mecha¬

nism of the tMo enta ici

Again, eneigy i elease tates at the fust significant load diop aie substantially low et than

those at 1
max

Similat to the 90 situation, this can be explained by the fact that the notch

tip is landomly distributed telative to the textile stiuctuie The fiist significant ciack

giowth is dependent on the notch tip wheieas ciack giowth fiom Firm is assumed to be a

mateiial paiametei
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4. Ciack growth and fi actme toughness

4.3.3. Fracture toughness K1C

Fracture toughness K]C was calculated using energy release rates G1C and equation 8 (see

chapter 4.3.2). The results are presented m table 4 4.

KIC fMPa m1/2l 90° (1st) 90°
f F "1v"
lrma\'

0° (1st) 0° (Fmdx)

average 19.7 23.6
,

44.7 52.5

stdev, °oin() 3 8(19%) 2 7(11°,,) 5 2(12%) 5 3 (10%)

Table 4 4 Ft actiire toughness Kpp ofknitted CI falvie i einforced PEEK Is stands for the

first significant load chop Fmax foi peak load m the load displacement eune of the

compact tension cnjterimenfs

KTC of Fmax will be used to compare the fracture toughness of different materials,

because it is a material parameter, whereas K1(_- of the first significant crack growth is

influenced by the notch tip position relative to the reinforcement structure (see

chapter 4.3.2). KjC ofFmax corresponds to the ultimate fracture toughness, i e. the critical

failure criterion in an application.

A comparison of KTC values is given m table 4 5. Knitted CF reinforced PBFK is

in the same range as 3D woven CF Epoxy and aluminum cast alloys. Ihe fracture tough¬

ness ofAPC(ITA)/1M8 (UÜ) reinforced composites is defined by the fiber/matrix inter¬

face (when load is applied perpendicular to the fibers) 1 herefore, it is much lower as m

the knitted CF reinforced PEEK samples presented here

material
fMPa in1/21

source

APC(lTV)/fM8(UD) 3.5 [127]

FFFk 7 [128]

CF/Fpoxv (3D woven) 20 - 30 [129]

Knitted CT temtotced PEEK (9(C) 24 ±3 piesent vsotk

Knitted CF leinloiced fTFK (0 ) 53 ±5 piesent woik

Aluminum cast alloy ( \lSFXlg0 1) 23

44 - 66

1130]

Ti6A14\ (eqmaved) IB1J

Tabled 5 Fracture toughness kjç of diffeient composite pohmei and metallic materials The

knitted CF t enforced PEEK studied m this v. oik icneals high fracture toughness,

specifically in campai ison Mith other composite materials
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4 Ciack growth andfracluie toughness

4.3.4. SEM analysis

After compact tension testing, samples weie sepaiated, platinum sputteted (10 mA fot

600 s) and investigated in a scanning election mncoscope (SEM)

Load in course, crack in wale (90°)

The damage zone caused by ciack growth paiallel to wale dnection was found to be rel¬

atively straight and Imeaily shaped An oveiview of a fiactuie plane is shown m

figuie 4 19, details ate shown m figuie 4 20 The following obseivations weie made in

these SEM miciogiaphs

• The ciack followed the suiface of side limbs (B) Fibei bundles perpendiculat to load

(belonging to loop heads or feet) showed tensile failtne (A)
• Fibei bundles repiesented the smallest unit m the damage zone Fibets isolated fiom

bundles were not obsetved

Small fibei pull-out lengths weie obseived on the fiactuie suiface of bundles failed in

tension This indicates good fibeifiuatnx adhesion

* I he ciack fiont is supposed to be "pmned
'

at locations with a high density of bundles

perpendiculat to load Between these pinning bundle gioups, the ciack ptopagated

along the side limbs (B)
• The fiactuie suiface does not leftect the knit lavei stiuctuie fhe studied sample con¬

sisted ol 12 mdiv ldual knit lay eis w Inch cannot be distinguished from each othei at the

fiactuie suiface

* All detected damages weie lound vv ithin one low ol loops Thetefore, the w ldth of the

damage zone on each side ol the fiactuie plane is supposed to be m the oidei of the

loop width, i e appioximately "> mm

Elgin e 4 19 SLM mie i ogi aph of a fi ae tin c plane in m ale afta total faillit e (load m c oui se)

In aieas (4) sex a al bundle s ate at tented in load m Ink m (B) bundle sm faces of

side limbs ai c picdominant it loc citions it ///; a high bundle density

pcipendiciilai to load ( I) the ciack font is assumed to be pinned Between

these pinning bundle gioups fiactuie is unstable and follows the side limbs

Figuie 4 20 tepiesents moie detailed views of the damage zone lesulttng from compact

tension test in 90°
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4. Crack growth andfracture toughness

The micrographs presented in figure 4.21 a-c show* an area around a fiber bundle (loop
head or feet) oriented in direction of the applied load. A section with considerable matrix

deformation is shown in a). Plastic deformation of the matrix indicates slow, stable crack

growth. Brittle matrix failure is apparent in c) which is a sign of fast, unstable crack

propagation. The transition from slow to fast crack growth is shown in b). This observa¬

tion is coherent with the following mechanism:

Crack propagation was slow up to the fiber bundle oriented in load. At the bundle

the crack front was stopped until critical tensile load was reached, leading to tensile fail¬

ure of the fiber bundle. The instantly released energy ofthat failure process caused fast,
unstable crack growth.
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4 Ciack giowth and fiactuie toughness

Figure 4 21 Matin clefoi motion on a bundle matin intcface ai ea around a fibei bundle (I)

orientedpetpendicular to c i ae k giowth indicated that crack propagation speed

up to the bundle (a) xvas lowei than ciftet faillite ofthe bundle (c) The transition

phase is shown in (b)

Load in wale, crack in course 0°

In 0° testing, loop side limbs are oriented in load wheieas loop heads and feet aie perpen¬

dicular to it. In general, the systematics of the 0° fiactuie planes was similar to that of

90° testing Bundles were found to be the smallest isolated units in a fracture surface

The fracture planes consisted of bundles oriented in load which failed in tension and

bundle surfaces oriented m crack propagation direction However, in 0° testing bundles

failing in tension are side limbs and bundle surfaces oriented in crack propagation direc¬

tion belong to loop heads and feet, i e vice versa to 90° testing Because of the higher

side limb density, more bundles are available to pm the crack (fig. 4 23). Fhis is assumed

to be the reason for the higher fracture toughness K]C found in 0° testing (table 4 5)

The damage zones resulting from crack propagation in course were larger than

those of propagation in wale Similar to 90° testing, the detected damage zone remained

within one row oi loops Since the width ol a tow of loops m 0° testing is the distance

from feet to head (£ loop height, see chaptei 2), the width of the damage zone was found

to be m the order of appioximately 10 mm on each side ol the macroscopic fracture path

Bridging over seveial iows, of loops was obseived more frequently than m

90° testing This can be understood considering that a fiactuie path in wale (patallel to

side limbs) is energetically favorable to a fiacture path in course where the density of

pinning bundles is higher
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4 Ciack growth and fiactuie toughness

Elgin e 4 22 Oxcix tew of a fi actin e path t esidting fi om c ompact tension apply mg load m

it ale Because ofhi idgmg (E) the fi ac tut e path iinolves sevei al loop i cm s (D)

Side limbs (A) pinned the a ack and failed in tension Toop heads (B) oi tented

pai alkl to the fi ac tin e path guide d the a ack

Figtn c 4 21

The SI Mmiciogtaph shoxvs fibei

bundle s oi te nteel m load i e side limbs of

the loop ( t) The clensdx of bundles

pa pe ndic ulai to a ack pi opagation i s

lughei m 0° than m 00° testing flits is

assumed to be the leason of the lughei

fi ac tin c toughness cletei mine cl m

0° testing (table 4 5)

flic width ofthe damage zone was found

to be m the oidei of 10 mm (distance

fi om loop fee t to head)
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4. Crack growth and fracture toughness

4.4. Conclusions

The investigation of the failure behavior of knitted CF reinforced PEEK by means of

compact tension testing, thermography and SFM analysis of the fracture zones lead to

the conclusions presented below. They are summarized with respect to crack growth,
fracture path and damage zone. Aphenomenological model, describing the failure pro¬

cess of mono- and multilayer KFRCs is proposed.

Crack growth. On a macroscopic scale, stable crack growth was observed. Crack

propagation steps of 4 to 8 mm in wale direction (90° testing) and 2 to 6 mm in course

direction (0° testing) occurred, respectively. Crack growth was unstable between the

propagation steps which could be shown by the devolution of the load-displacement

curves (load drops) and by the microscopical structure of the fracture surface. Fiber bun¬

dles perpendicular to crack propagation defined the limits of the unstable propagation

steps. These bundles stopped and pinned the crack front until a critical load at the crack

tip was reached which re-initiated crack propagation by tensile failure of the pinning
bundles (see figure 4.24). Minor damage events, observed by thermography shortly

before the first major crack propagation, are assumed to be caused by fiber failure

located in a distance of 0 to 10 mm from the notch tip.

Fracture path and damage zone. The fracture path was defined by the reinforcement

structure. The crack was observed to follow the bundle/matrix interface of bundles ori¬

ented in crack propagation direction. These guiding bundles consisted of side limbs in

90° testing and of loop heads/feet in 0° testing. The pinning bundles, oriented perpendic¬
ular to the fracture path, failed due to tensile load. In some cases, predominantly in 0°

testing, bridging of the fracture path along the pinning bundles to the next row of loops
was observed.

The width of the visually detectable damage zone was in the order of one row of

loops on every side of the fracture path (fig. 4.24). In 90° testing, the width of a loop row

equaled approximately the loop width (~ 5 mm), whereas in 0° testing it corresponded to

the distance between loop feet and loop head (~ 10 mm). Within the damage zone, bun¬

dles were the smallest isolated units observed. The bundles remained compact and

revealed short fiber pull-out lengths. This indicates good fiber/matrix adhesion.

Model of out-of-plane failure in mode 1. The studied KFRC compact tension sam¬

ples consisted of 12 knit layers. Throughout consolidation, the individual knit layers
were displaced against and interpenetrated with each other (chapter 3). Therefore, the

knit layers were not aligned one behind the other but distributed within the composite.
The failure behavior can be better understood considering the interpenetrated multilayer
structure of the studied KFRC.

A scheme of fracture on the level of a monolayer structure is presented in

figure 4.24. As described above, the crack (A) is pinned by bundles oriented in the direc¬

tion of the applied load. Because of the higher density of pinning bundles, higher fracture

toughness is to be expected in 0° testing. The width of the visually detectable damage
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4. Crack growth and fi actute ioughne s s

zone equals approximately one row of loops on each side of the fracture path (B).

Because of loop orientation the damage zone is larger in 0° testing than m 90° testing.

a) 90° testing

"I n.-^jr
A

TS
CD

O

crack

b) 0° testing

1 AT

l^sV

T3
CD

O

Figure 4 24

Phenomenological model of

failure mechanisms in wale (a)

and course (b) direction,

illustrated on the level of a

monolayer knit structure

The crack (A) follows bundles

oriented in propagation

direction (guiding bundles) At

bundles oriented m load it is

pinned and re-initiated it hen

critical tensile load i s reached

in the pinning bundle The

xvidth ofthe damage zone (B) is

m the order ofone row of loops

on each side ofthe fracture

wale crack course

Atop view on the fracture surface of a multilayer KFRC is schematically drawn in

figure 4.25 (a comparable SEM micrograph of the real structure is shown in figure 4.20).

The fracture surface consists of pinning (A) and guiding (B) bundles. The individual knit

layers cannot be distinguished because of interpénétration throughout consolidation.

Figure 4 25 Eractiire s urfae e of a interpenetrated multilax er KFRC faded m mode I (out-of-

plane) treas it ith a high density of pinning bundles (A) stop the crack front

(Cf ÏÏ hen critic al tensile load is reached unstable crack growth occurs along

guiding bundles (B) to the next location with suffic lent pinning bundle

density (C->)
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4. Crack growth and fracture toughness

The failure mechanisms of the individual knit layers described above are supposed to

interact as follows: The crack propagates along guiding bundles and is stopped at loca¬

tions with a high density of pinning bundles (fig. 4.25, Cf). When critical tensile load is

reached in the crack front, tensile failure of the pinning bundles in C( occurs and the

crack propagates unstably to the next location with sufficient fiber bundle density

(fig. 4.25, C2).
The proposed mechanism considers the density of guiding and pinning bundles.

According to this mechanism, the total energy released in the fracture process can be

subdivided in two parts, proportional to the density of pinning and guiding bundles:

^IC.total ~ X ' ('IC.pinning + ( 1 " 0 ' (-'IC.guiding ^

portion of pinning bundles

portion of guiding bundles

energy released in tensile failure bundles

energy released in bundle/matrix debonding

The energy released in bundle/matrix debonding is orders of magnitude lower than the

energy released in tensile failure of fiber bundles. Therefore, the essential contribution to

GjCtotalis defined by G1C mnr
le-.

^

A first confirmation of this model are the values found for GIC 0° (-74 kJ/mm~)

and G1C9()o (= 32 kJ/mirr). GjCo'G]C90 correspond to a ratio of 2.4/1. The ratio of pin¬

ning bundles in 0° testing to pinning bundles in 90° testing can be approximated with

2'(1oop height / loop width) = 3/1. Considering the contribution of bundle/matrix adhe¬

sion which is higher in 90° testing, the ratio 2.4/1 found in the experiment can be well

understood with the proposed model.

General conclusions. In summary, the modified compact tests combined with an

experimental compliance method was found to be a suitable method to determine GIC
and KIC of KFRCs. Compared to other composite materials, knitted CF reinforced PEEK

reveals a high fracture toughness. KÎC of 24 MPa\m1/2 was found in 90°, 53 MPa'tn172 in

0° testing (table 4.5). The lower value is in the order of 3D woven CF/epoxy composite.

High fracture toughness and macroscopically stable crack growth indicate that knitted

CF reinforced PEEK is a structural composite with highly damage tolerant failure pro¬

perties.

where x

1-x

GJC,
G

pmnmg

IC. cuidins

XS



5. Instrumented falling weight impact

5. Failure behavior II: Instrumented falling

WEIGHT IMPACT

5.1. Introduction

Damage tolerance is described by Jones [132] as the ability of a structure to contain

weakening delects under representative loading and environment without suffering
excessive reduction in residual strength. Structures are designed to meet a specific set of

criteria, but are frequently subjected to an unspecific range of miscellaneous events (e.g.

accidental impacts, occasional overload, misuse and abuse) which fall outside of these

design parameters and can lead to damage ( 133 j. Metals react tolerantly to these events

because of there inherent ability to yield. Ty pical composite materials do not exhibit this

ability and fracture occurs if the elastic limits arc exceeded. The control of damage toler¬

ance in composites is therefore the control of the fracture process [133].

In the previous chapter static failure properties of knitted CF reinforced PEEK was

studied by means of compact tension testing. A model describing out-of-plane failure in

mode I was proposed. It was found that the investigated KFRCs exhibit high fracture

toughness and macroscopically stable crack growth. The static failure properties were

therefore observed to be highly damage tolerant in comparison with other composite
materials. This chapter treats the dynamic failure properties, investigated by means of

falling weight impact testing. The KFRCs studied in this work are considered for struc¬

tural parts in applications in which impact ev ents are to be expected [134]. Consequently,

impact properties such as the absorbed energy upon penetration, peak failure loads and

impact failure behavior of KFRC panels are of major importance. Impact testing causes

pronounced interlaminar shear stresses. Therefore, another factor studied in this chapter
was to determine if impact failure is accompanied by interlaminar fracture along knit

layers. The different aspects addressed are summarized as follows:

• Impact performance of KFRCs compared to other composite materials.

• Damage development and failure behav ior. specifically delamination of KFRCs in

impact testing.
• Influence of panel thickness on impact properties of KFRCs.

• Influence of fiber and matrix material (CF PEEK, GF/semicrystallinc PET, GF/amor-

phous PET) on impact properties.
• Differences and common characteristics in static out-of-plane failure and dynamic

impact failure behavior of knitted CF reinforced PEEK.
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5. Instrumentedfalling weight impact

5.2. Methods

Instrumented falling weight impact testing is a commonly used method to study the

impact performance of composite materials. A hemispherical tipped dart is released from

a predetermined height to strike the specimen supported on a steel ring. A force trans¬

ducer in the striker provides force-time data throughout the entire impact event. This

basic force-time record is used to compute derived data, such as force-displacement,

energy-time and velocity-time. The derived data is calculated on the basic of Newtonian

mechanics, knowing the striker mass and its incident velocity when hitting the specimen.

The basic physical equation is:

nig-F -tri—- (10)
dt

where: m - mass of the striker

F = measured force

g
- specific gravitational force

Integration of equation 10 gives the information on v elocity v, displacement x and energy

E of the striker after initial contact with the specimen:

v = r0+gt--\Fdt (II)
u

niJ

0

where: v0
- initial striker speed

/1

v = vt + lgt2~-i\Fdt (12)
2 in J J

oo

E = va\Fdr + gJFtdt-±{jF^
0 0 M)

(13)

Perforation and low energy impact. Two impact modes were investigated in this

work. In perforation impact testing, sufficient initial energy for the complete penetration

of the specimen was applied, while the speed of the dart was intended to be reduced to a

minimum. Another type of impact damage was caused by low energy impact testing,

which required a significant reduction of the initial striker energy. This method does not

involve specimen penetration and was performed to study failure initiation.
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Characteristical parameters. In order to determine impact properties and to compare

impact behavior of different materials, characteristical impact parameters were defined

(see figure 5.1). The total dissipated energy (E10t) is the sum of initiation (Enllt) and prop¬

agation energy (Eprop). Initiation energy is determined at peak force (FpeajJ whereas

propagation energy is the energy absorbed in the specimen from peak force to completed

perforation. In low energy impact testing only the total dissipated energy and peak force

are considered.

a) perforation impact
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Figure 5.1:

Typical force-time and time-energy

ploTs as recorded in perforation (a)

and lew energy impact testing (b)

Characteristical energy and force

values were defined in order to

determine damage initiation and

dissipated energy. The fracture mode

in perforation testing is characterized

by the ductility index.

Specimens and experimental setup. Knitted CF reinforced PEEK and knitted GF

reinforced PET was manufactured as described in chapter 2. CF/PEEK panels were

obtained, consisting of 4 and 6 DL with thicknesses of 1.3 I and 1.81 mm, respectively.

Amorphous GF/PET revealed a thickness of 1.35 (3 DL), semicrystalline GF/PET of

1.8 mm (4 DL).

Instrumented falling weight impact tests were performed using a "Fractovis"

impact equipment with an AFS-MK4 modul of Ceast (Italy), "fhe data acquisition fre¬

quency was 100 kHz. The clamping units were kept at nominal surface pressure of

6 bars. The inner diameter of the circular clamping unit was 100 mm, fhe free surface of

the rectangular clamping unit measured 125 x 75 mm2, fhe diameter of the hemispheri¬
cal striker tip was 20 mm (fig. 5.2).
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a) perforation impact mode b) low energy mode

Figure 5.2: Experimental setup offalling xveighi impact testing. Circular clamping units

were used for perforation (a), rectangular for low energy impact testing (b). The

striker geometry yvas similar in both experiments.

Low energy and perforation tests were performed on panels with different thicknesses at

room temperature under the conditions described in table 5.1,

material
thick- !

, ,

clamping

. ,
mode !

.^

' ",
ness |mm] unit |mm|

impactor
mass [kg]

impactor

speed [m/s]

impact

energy |J]

CF/PEEK 1.26 (4 DL)
„ ,, ,

circulai;
Perforation

, , AA

d -- 100

3 2.83 12

CF/PEEK 1.81 (6DL) Perforation
circular,

d-100
3 3.65 20

CF/PEEK 1.26 (4 DL) Low energy
rectangular
125 \ ""Onim

3 1.53 3.5

GF/PET

(amorphous)
1.35 (3 DL) ,

Perforation ,tC)l'j[n 3
d ~ 100

4.47 30

, ,,,•-,
ESI (4 DE) Perforation

(semicrystalline) i

1

circular,

d - 100
5.17 4.81 60

_

Table 5.1 : Experimental conditions of low energy and perforation impact testing as applied in

this study. Impact energy xvas controlled by the initial falling height ofthe impactor.

In perforation impact, sufficient energy xvas applied to penetrate the specimen xvhile

the impactor speed was intended to be reduced to a minimum after perforation. In

low energy mode, impact energies high enough to study failure initiation xvere

chosen,
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5.3. Results and discussion

5.3.1. Perforation impact

CF/PEEK

Impact data. CF/PFEK samples with different numbers of double layers were sub¬

jected to falling weight impact. Force/velocity vs. time and force/energy vs. displace¬

ment plots of 4 DL (1.26 mm) and 6 DL (1.81 mm) KFRC samples are shown in

figure 5.3.

a^ CF/PEEK: 1.26 mm, 4 DL

3

a,) CF/PEEK. 1 26 mm, 4 DL

4 8 12

time [ms]

b-j) CF/PEEK 1 81 mm, 6 DL

3

4 8 12 16

displacement [mm]

b2) CF/PEEK 1 81 mm6DL

4 8 12

displacement [mm]

Figure 5 3 Force-time and fore e-disp/aeements plots ofperforation impacted knitted CE

reinforced PEEK panels u ith different thicknesses Impact energies were 12 and

20 J in the case of 4 and 6 DL. respectively (table 5 1)

Displacements required for complete perforation of the samples were approximately the

same in both cases, which leads to the assumption that maximum displacement is related

to the knit structure. Perforation time was longer in the case of the thicker specimen. This

is attributed to the velocity of the striker which decreased below /ero in perforation of
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the 6 DL specimen (fig. 5.3, b|). This means that the striker was slightly rebounded at the

end of the impact test whereas it was not stopped by the perforation of the 4 DL speci¬
men (fig. 5.3, af). The fact that maximum displacement of perforation was barely influ¬

enced by the thickness suggests that the loop size, more generally the knit structure is

limiting the maximum deformation reached at complete perforation.
Pronounced load oscillations indicate considerable damage development immedi¬

ately after impactor contact. In an earlier investigation on woven CF reinforced PEEK

composites, the first peak in the force-time curve was at or close to maximum force and

crack initiation was correlated with this point [135]. In the samples studied in this work

however, it is suggested that cracking occurs well before the peak force is reached. The

peak force is correlated with the production of a major defect across the specimen, as

described in [136].

The peak force was found to be dependent of the panel thickness. The thickness

specific peak forces, i.e. peak force divided by sample thickness of 4 and 6 DL CF/PEEK

samples are given in table 5.2. A slightly lower specific peak force was found for the

thinner samples. This could be a consequence of the lower initial velocity and/or the

lower bending stiffness related to the thinner specimens.

peak initiation propagation
force energv

'

energ}

|kN/mmJ [,l/mm| 1 [,1/inm]

dissipated

energy

[J/mm|

ductility
index

11

4 DL (1.26 mm)

CF/PEEK
1.1 ±0.1 2.8 -tO 8 6.1^0.7 9.0 J- 0 4

0.69 ± 0 08

6 DL (1.81 mm)

CF/PEEK
1.4,1.4 i 3.5,4.4 ' 7.1,6.5

!

3 0.7, 10.9 0.7, 0.6

Table 5.2: Characteristical impact values ofknitted CF reinforced PEEK (4 DL: n=4, 6 DL:

n- 2) All values arc normalized bv thickness Better results are reached for 6 DL,

more energy per thickness can be disspatecl in the thicker samples.

The thickness specific energy transferred up to peak load. i.e. initiation energy was found

to be slightly lower for 4 DL than for 6 DL samples. The same trend was observed for

the total dissipated energy (table 5.2). The most likely reason for these vague tendencies

are the higher shear component in thicker panels, leading to pronounced bundle release

in the damage /one (fig, 5.5).

Damage zone. The macroscopical perforation impact damage is presented in

figure 5.4. The fracture path was found to follow wale and course direction (arrows).
Outside of the striker mark (A), visible damage was limited to a few millimeters and was

mainly caused by localized buckling of the bundles. In order to investigate microscopical
failure behavior the tested specimens were platinum sputtered (10 mA for 600 s) and

investigated in a scanning electron microscope.
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5 Insttinnented falling weight impact

a) CF/PEEK 4 DL b) CF/PEEK 6 DL

Figui e 5 4 Pet foi ation impact damage of hutte d Cf t e infoi eed PEEK The mac i oscopical

ft ac tin e path followed the tx\ o pi me ipal du ee lions xvale and coin se (at i ens s)

risible damage mainly cause d In loe cihzed buckling (B) i emaincd within a few

millimetei s outside of the sti ike i mai k ( I)

On the micioscopical level, bundle îeleased fiom then envnonment weie obseived m the

damage zones (fig 5 5) Similar to the tesults found in the investigation of out-of-plane

failuie (chaptei 4), bundles icpicsented the smallest units m the fiactuie suiface

fl^%^^v ^ r*

a) CF/PEEK 4 DL b) CF/PEEK 6 DL

Figuie 5 5 Damage zones ic suiting fiom pa foiation impact Bundles iclcascdft om then

cnxiionment weie absence!in 4DI (a) and6DL (b) samples A lughei tendency

of bundle i c le use u as found m ihn kei sample s

62



5 Insliumcnted falling weight impact

lite degiee of bundle iclease was found to be tenuously highei m the fhickei samples
Tins is supposed to be a result of the highei m-plane sttesses and is consistent with the

supenoi eneigy dissipation deteimmed m thicket samples (table 5 2)

In oidcr to investigate mteilaminat fiactuie the samples weie cut thtough the pn-

maiy damage zone, using a diamond saw Delamination was obseived m some cases

(fig 5 6 a, anow) As obseived m figuie 5 4 damage did not piopagate significantly out¬

side of the buckling zone (C)

Delammated paits weie sepaiated fiom the bulk and investigated by SEM (fig 5 6

b, c) Interlaimnai fiactuie sutfaccs did not icmain m between two knit layeis Budging

to other knit layers was obseived (B) and bundle failuie was involved (A) 1 he eneigeti-

cally most favoiable mtei lammat fractuie path was not defined by knit layeis This is a

futthet continuation ol the intensive mtetpenetiation of knit layeis obseived in the stud¬

ied KFRCs (see also chaptei 3)

GF/PET

Impact data. Knitted Of lemloiced composite panels ol different thicknesses, with

amoiphous and semi-ciy stallme PFI matnx weie sub|ected to peifotation impact

Fotce'velocitv vs time and loice/eneigv v s displacement data is shown m figuie 5 7
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aj) GF/PET: 1.35 mm, 3 DL, amorphous

4 6

time [ms]

b,)GF/PET:1.81 mm, 6 DL semicrystalline
5

a A GF/PET: 1.35 mm, 3 DL, amorphous

i

40

4 h

F 23

3
>

-Mt

>,
LL

2 ü
o

0>*
Ü

ffl O

1
>

1

0 0

0 4 8 12 16 20

displacement [mm]

b->) GF/PET 1 81 mm, 6 DL semicrystalline
40

4 8 12 16 20

displacement [mm]

Figure 5 7 Perforation impact response of hutted GF reinforcedPET. Up to peak fore e, the

force-displacement curve of the amorphous sample xvas observed to be smoother

than the force-displacement curve of semicry stallme GF/PET, xvluch is an

indication of a later damage initiation than m semicrystalline GF/PET The

striker displacement at completedperforation of the panels was approximately
similar m both cases

Maximum displacement at completed perforation was approximately similar for amor¬

phous and semicrystalline GF'PEf. Because the same maximum displacement value was

also observed for CF/PEEK, this is supposed to be related with the reinforcement struc¬

ture rather than fiber/matrix material.

'fhe fact that more time w as needed for perforation of the thinner, amorphous spec¬

imens was attributed with the speed of the striker. While if was almost reduced to zero in

the case of the semicrystalline samples, more than 3 m/s were measured after perforation
of the amorphous GF/PEF panels.

The force-time curve devolution of the amorphous sample is relatively smooth up

to peak force, followed by a load drop and numerous peaks, indicating damage initiation

and propagation. In the case of semicrystalline GF/PET, a multi-peaked force-time curve
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5. Instrumentedfalling weight impact

from the beginning on suggests very early damage initiation. In contrast to the amor¬

phous samples, the load level was not maintained at peak force but dropped down to zero

within 2 ms. This behavior is assumed to be related to the higher brittleness of the semi-

crystalline PET matrix (sec chapter 2, table 2.2).

The average thickness specific characteristical impact values of 5 independent

impact experiments are given in table 5.3.

peak
force

[kN/mm]

initiation propagation

energy energy

[J/inmj fJ/mm]

dissipated

energy

[J/mm)

ductility
index

n

amorphous
_,

GF/PET (3 DL, 1.35 mm)
10U1Ü 11.3 ±1.0 21.4 ±0.5 0.53 ± 0.05

semicrystalline
GF/PET (4 DL, 1.81 mm) i

""" 11.6-1.2 7.7 -i 1.7 19.3 ±1.5 0.40 ± 0.07

Table 5.3: Characteristical impact values of perforation impact energy impacted knitted GF

reinforced PET (11=5) For better comparability, the values are thickness normal¬

ized. The higher ductility index of amorphous GF PET reflects the different failure
characteristics

Propagation energy was significantly higher in amorphous than in semicrystalline

GF/PET, whereas peak force and initiation energy were similar for both materials. This

leads to a higher ductility index for amorphous GF/PET which again reflects its less brit¬

tle failure characteristics.

Damage zone. The macroscopical damage caused by perforation impact in amorphous

(a) and semicrystalline (b) knitted GF reinforced PET is shown in figure 5.8. The more

ductile failure of amorphous GF/PET is evident (a). Damage outside of the impactor
mark occurred in wale direction (A), which is the direction of the lowest resistance to

crack propagation (see chapter 4), Bundles released from their environment (B) were

predominantly observed in the semicrystalline samples (b). In comparison to the macro¬

scopical impact zones of impacted CF PEEK samples (fig. 5.4), more damage was

observed outside of the striker marks (C).
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a) GF/PET amorphous b) GF/PET semicrystalline

Figure 5 8 Maci ose apical damage in pet foi anon impacted knitted GF i emforced PET with

amoiphoits (a) and semtciyslalline matin (b) Ductile failuie with damage

pi opagating in x\ale duection i is was obsei y ed in the amoiphous samples In

semiciystallnie GT PET damage is mainlx chat octet izeclby bundles t chased

fi om then enxueminent

SEM microgiaphs oi peifoiation impacted GF PLl samples are shown m figuie 5 9

Interlammai bundle release along bundle matnx mteifaces was found to be moie domi¬

nant m semiciystallinc GF/PL f (A) This is assumed to be iclated with the highei mtei-

laminai shear stiesses m thicket samples Fibeis îeleased from bundles (B) weie

obseived m amorphous and semiciystallnie GF PFT I his is m conttast to the fiactuie

sut faces of CF/PFfK m which the smallest isolated units consisted of bundles (fig 5 5)
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b) semicrystalline GF/PET, 4 DL

Figure 5.9: Microscopical fracture stirfaces resulting from impact perforation of GF/PET.

Fracture along bundle/matrix interface was observed To a higher degree in The

Thicker semicrystalline samples. Fibers releasedfrom bundles were observed in

amorphous and semicrystalline' GF/PET.

5.3.2. Low energy impact

Knitted CF reinforced PEEK samples consisting of 4 DL were subjected to low energy

impact experiments. In this mode, the impactor hits the samples with an energy low

enough (3.5 J) to be rebounded from the sample surface.

Impact data. Force-time and force-displacement plots are shown in figure 5.10. Load

oscillations up to peak force and a non-symmetrical force-time plot (a) with respect to

ascent and descent part indicate considerable damage development. The total dissipated

energy corresponds to the area of the force-displacement plot hysteresis (b).
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a) CF/PEEK 1.26 mm, 4 DL

1.4

b) CF/PEEK 1.26 mm, 4 DL

4 1.4

3.5 1.2

3 -

~ 1

2.5 lu j*c

-U.Ö

2 D)

-, r
° r^O.6

1.5 c
o

1
*" 0.4

0.5 0.2

0 0

4 6 8 10

time [ms]

14 2 3 4 5

displacement [mm]

Figure 5.10: Force/energy-time (a) and force-displacement (b) curves ofknitted CF

reinforced PEEK composite panels (4 DL) subjected low energy impact. The

non-symmetrical force-time plot (a) and loiid oscillations up to peak force

indicate considerable damage development. The area ofthe force-displacement

hysteresis (b) corresponds to the total dissipated energy.

The characteristical impact values of low energy impacted CF/PEEK are presented in

table 5.4. The peak force reached in perforation and low energy impact were found to be

approximately similar. This suggests that maximal force was dependent on material and

sample thickness rather than on the applied impact energy.

peak
force

[kN/mm|

dissipated

energy

fJ/mm]

4 DL (1.26 mm)

CF/PEEK
1.4 ±0.3

Table 5.4. Characteristical values of low energy iinpeict. The thickness specific peak force xvas

found to be in the same range Than peak force reached in perforation energy testing

(table 5 2) Peak force and dissipated energy w ere normalized by their ihieknes s.

Damage zone. The tension surface (bottom) of a CF'PEEK sample is shown in

figure 5.11. The cracks caused by low energy impact reflect the structure of the knitted

carbon fiber bundles (A). This observation emphasizes the crucial role of the bun¬

dle/matrix interlace in knitted GF reinforced PEEK: Damage was initiated at the bun¬

dle/matrix interface (fig. 5.11), and bundles were the smallest released units observed in

perforation impact (fig. 5.5) and compact tension (chapter 4) fracture surfaces.
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5 Insttiinienled falling xxeight impact

Figure 511

Tension surface (bottom) ofa

CF/PEEK sample subjected to /on

eneigy impact The aacks xvei c

initiated along the bundle/matrix

inta face (at i ow s) and thci efore, reflect

the hutted Cb bundle structure (A)

This observation confirms the ciucial

lole of bundle/matrix mtei faces m

knitted CF reinforced PEEK Bundles

i e/eascd fi om their environment it ere

the smallest units in all obsei y ed

fi actut e zones (sec also fig 5 5

chaptei 4)

5.4. Conclusions

5.4.1. Comparison of CF/PEEK and GF/PET

The most remarkable difference m the impact behav îor of the two investigated KFRCs is

the fact that twice as much eneigy was dissipated m knitted GF reinforced PLl than m

CF reinforced PPEK. Since both composites are based on a similar reinforcement struc¬

ture, the reason is assumed to be related to fibei/matnx materials and/oi fiber/mattix

interface pioperties. The most obvious differences of the materials are fhe follow ings

* 1 he ratio tensile/compression properties of glass fibers is closer to 1 than that of car¬

bon fibeis (ratio <- 0 5)

* Fiber/matrix interface strength of GF PFT is lower than that of CF/PEFK

* CF/PEEK knits reveal a highei stiffness than GF Pf I knits In tensile test, E-moduh

in wale dnection of appioximatcly 15 GPa and 49 GPa were found for GF/PET f 106]
and CF/PFEK [46], tespectively

The compression properties of the reinforcing fibeis are considered to be of relatively
low importance for the impact resistance of the studied KFRCs Even though higher

compression properties lead to better bending strength, the fibers failed in tension rather

than m bending. Ihis can be understood considering the high tensile stress m the damage

area, induced by the small impactor compared to specimen size and by clamping of the

specimens The interface strength and stiffness howevet, are supposed to lead to the

superior impact energy dissipation ability found foi GF PFT Up to a certain extend,

poor interface adhesion leads to the absorption and dislnbution of the initial impact
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5. Instrumentedfalling weight impact

energy and therefore increases the impact performance [137], The total fracture surface

area of an impact damage involving fiber matrix interface (GF/PET: fig. 5.9) failure is

higher than the fracture area resulting from bundle release only (CF/PEEK: fig. 5.5).

The lower stiffness of GF/PET knits results in higher deformation upon completed

perforation. The higher degree of localized buckling of bundles in CF/PEEK (fig, 5,4:

CF/PEEK, fig. 5.8: GF/PET) is assumed to be caused by its stiffness, being three times

higher than the stiffness of GF/PET.

The role of the matrix can be assessed by the differences found for the amorphous
and semicrystalline PET matrix. The impact response of amorphous GF/PET samples

was characterized by few load oscillations up to peak force and damage development at

peak force level. In semicrystalline samples, most damage was brought in before peak

force was reached (fig. 5.7). These observations can be understood when considering the

much higher elongation at break of amorphous (300%) compared with semicrystalline
PET (70%). The early failure of the brittler semicrystalline matrix is reflected in the early

oscillations of the force-time plot. In total, because of the pronounced bundle release in

these samples (fig. 5.8), almost as much energy could be dissipated. However, late dam¬

age initiation, as found for the amorphous matrix system, is desirable.

5.4.2. Comparison with other composite materials

Numerous researchers studied the impact response of composite sheets [87, 88, 135, 136,

138-142]. Table 5.5 gives an overview of selected results reported in the literature. When

comparing results the experimental conditions have to be taken into account. The impact

response of fiber reinforced composites is highly dependent on experimental conditions

such as clamping devices, impactor dimension and velocity at impact. It even has been

stated that a comparison of results from different sources is "impossible" [143]. Never¬

theless, table 5.5 is intended to give a survey of impact properties of different composite
materials. Experimental parameters and source are indicated. The impact performance of

the studied KFRCs is situated in the upper range of table 5.5.
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5. Instrumented falling weight impact

5.4.3. General conclusions

The falling weight perforation impact response of knitted fabric reinforced CF/PEEK

and GF/PET was studied. Furthermore, CF PETtTv was subjected to low energy impact.

Damage zones and fracture surfaces were inspected with respect to macro- and micro¬

scopical damage.

CF/PEEK panels consisting of 6 DL exhibited a slightly higher thickness specific
total disspated energy than the thinner CF PEEK composite, consisting of 4 DL

(table 5.2). This is assumed to be related \\ ith a higher shear component in thicker panels
at given clamping and striker dimensions. With respect to the damage zone, this effect

could be confirmed with more pronounced bundle release observed in the thicker

CF/PEEK samples (fig. 5.5).

Delamination along the reinforcing knit layers did not occur, neither in GF/PET

nor in CF/PEEK. In general, energy was dissipated by bundle release (CF/PEEK) and

failure of the fiber/matrix interface (GF-PET), In cases in which delamination was

detected, the mterlaniinar fracture propagated across several knit layers by bridging. The

interlaminar fracture surface shown in figure 5.6 exhibits layer bridging involving even

bundle failure. The fact that the energetically most favorable fracture plane is not

observed between two knit layers is a confirmation of the effective interpénétration

observed in the analysis of the 3D structure of KFRCs (chapter 3).

A common aspect in static and dynamic failure behavior of knitted CF reinforced

PEEK is the fact that the smallest isolated units in damage zones are represented by bun¬

dles released from their environment (fig. 5.5, chapter 4). Damage was initiated along

bundle/matrix interfaces which was shown in the fracture surface resulting from low

energy impact (fig. 5.11). In contrast to GF'PET, fibers released from bundles were not

observed, 'fhis is assumed to be a consequence of the higher fiber/matrix interface

strength of CF/PEEK compared to GF PET. Whereas high interface strength represents

an advantage for the static properties, it w as found to reduce the energy dissipation abil¬

ity in perforation impact. A comparable effect is caused by the higher stiffness of

CF/PEEK which is assumed to facilitate localized out-of-plane buckling of the bundles

in perforation impact (fig. 5.4). 'fhe smaller deformation at a given impact force is sup¬

posed to lead to early bending failure and therefore, reduces total dissipated impact

energy. The more compliant beha\ior of GF PEf, in contrast, enables a better distribu¬

tion of the impact stress on a larger area, which was shown in the analysis of the damage

zone. A larger damage zone and more fracture surface area were observed, thus indicat¬

ing a higher dissipation of energy.

The most damage tolerant and therefore, the most desirable impact behavior was

found in knitted GF reinforced, amorphous PET. Even though the total dissipated energy

was approximately similar to semicrystalline GF'PET, damage initiation and propagation
occurred at high force levels in amorphous GF PET, whereas load oscillations initiated at

striker contact indicate more brittle failure of semicrystalline GF/PET (fig. 5.10). For the

automotive industry, in which \veight-sa\ing considerations are of minor and cost saving

12



5. Instrumented falling weight impact

of major importance, knitted GF/PET with amorphous matrix represents a very interest¬

ing material for impact relevant applications.
In summary, the impact resistance of the studied KFRCs was found to be high.

Both, GF/PET and CF/PEEK exhibited good energy dissipation ability in comparison

with other glass fiber and carbon fiber reinforced polymers. This is assumed to be related

with the pronounced interpénétration of knit layers, thus increasing delamination resis¬

tance of the KFRC panels. Instead of delamination, bundles released from their environ¬

ment were observed predominantly. Highest values for dissipated energy were found for

amorphous GF/PET, exhibiting arelafiveh weak fiber/matrix interface, low stiffness in

comparison to CF/PEEK and a matrix with high elongation at break.
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6. Influence of environmental exposure

6. Influence of environmental exposure on the

mechanical properties of kfrcs

6A. Introduction

The stability of fiber reinforced polymers (FRPs) to environmental exposure is of major

importance. As described in chapter 1.2, the nature of FRPs makes them particularly sen¬

sitive to environmental influences, mainlv because of two reasons: First, fiber/matrix

interfaces are locations of stress transfer and therefore, a degradation of interfacial

strength can lead to a significant decrease of the composite strength, even when fiber and

matrix properties are not affected. Secondlv, polvmers are not impermeable to water

molecules and many of them are known to be sensitiv e to the effect of moisture and tem¬

perature. ITygrothermal environments influence the mechanical behavior of FRPs mainly

by fiber and/or matrix degradation and bv fiber matrix interface degradation.
Knitted GF reinforced PFT and knitted CF reinforced PEEK are the two composite

systems investigated in the presented work, fhe basic properties of fiber and matrix

materials arc given in chapter 2. The environmental stability of CF/PEEK knits was stud¬

ied with respect to biomedical applications. 1 ongterm exposure to simulated body fluid

(SBF) at 37, 60 and 90°C was investigated. SBF contains physiological concentrations of

mineral components from body fluids. SBF and bodv temperature (37°C) were chosen

for comparison with body environments. Exposure for up to 50 weeks at higher tempera¬

tures were performed in order to accelerate potential effects of SBF to CF/PEEK. Tt is

important to consider longterm stability of implant materials, since certain implants, e.g.

hip joint prostheses, are intended to remain in the body environment over several

decades. The hygrothermal stability of knitted GF reinforced PET was studied under rel¬

atively extreme environmental conditions (90°C, immersion in water), 'fhe decrease of

mechanical properties was determined and conclusions are drawn with respect to struc¬

tural applications of GF'PE" f in the automotive industry.
A further objective of this chapter was to evaluate the influence of matrix and

fiber/matrix interface degradation on the macromcchanical properties of KFRCs. In

chapter 7, the influence of the same environmental conditions on micromechanical inter¬

face properties will be discussed and an attempt will be made to correlate macro- and

micromechanical degradation.

6.1.1. Environmental stability of CF/PEEK

PEEK is a thermoplastic polymer which shows an excellent resistance to most inorganic
and organic solvents. Since PEEK is evaluated for high performance applications, its

performance in hostile environments has been investigated by many researchers. The

presented study is focussed on the influence of hygrothermal environments with respect

74



6. Influence of environmental exposure

to biomedical applications, therefore, effects of aviation fluids such as paint stripper,

hydraulic fluids and jet fuel will not be discussed.

Thermal degradation. Longterm exposure to elevated temperatures below T„ is

defined as physical aging. The mechanical properties of amorphous PEEK are reported
to be influenced by physical aging. Relaxation mechanisms occurred between 50 and

140°C, leading to a higher tensile yield strength and a significant reduction of impact

strength of unreinforced PEEK [144]. Longterm thermal aging (temperatures between Ta
and Tm) is reported to cause a significant decrease in flexural strength of CF/PEEK

(APC-l) unidirectional and cross-ply laminates only if exposed to 250°C for more than

16 weeks [145]. Effects of physical and thermal aging were studied by Leach and

Cogswell [146], Thermal aging lead to a 30% reduction of the transverse flexural

strength of unidirectional CF/PEEK (APC-l ) after 8 weeks at 220°C, whereas physical

aging caused no significant difference to unexposed samples. Ma [147] studied impact

performance and mode I fracture toughness of CF PEEK (APC-2) after physical aging
between 70°C and T(r for 14 days. Dissipated impact energy and fracture toughness were

observed to decrease. The highest reduction was found for aging temperatures close to

T

Generally, it was found that physical aging %'l'A shows only slight influences on

the mechanical properties of CF/PEEK. Some minor effects determined in matrix domi¬

nated properties were related with the relaxation mechanisms of neat PEEK occurring
below T„ 1148], In contrast, thermal aging (^TA greatly affected the matrix and compos¬

ite properties. However, with respect to medical applications, the effects of temperatures

above T„ are not discussed in the presented work.

Hygrothermal degradation. Equilibrium water absorption of unreinforced PEEK was

found to be at approximately 0.2% by weight [149|. Immersion of quasi-isotropic
CF/PEEK for 17 months lead to a water content of 0.34% LI 50]. Other work on APC-l

reported about 0.45%) mass gain in boiling water after 3 weeks [151]. Little effect of

water absorption on the properties of unreinforced PEEK are described in literature. Dif¬

ferences in strength remained within 5% after 322 clays exposure to water at J00°C

[148]. As for thermal degradation, matrix dominated mechanical properties were mostly
affected by hygrothermal degradation. Ma [40] observed that tensile strength in longitu¬
dinal direction of CF/PEEK composites was not affected, while the flexural strength
decreased to about 90% of the initial value after immersion in water at 80°C for 118

days. In contrast to this, no effect on the flexural properties after exposure to water at

70°C until equilibrium water absorption was determined in [151 |, The immersion of uni¬

directional CF/PEEK (APC-2 AS4) in water at 23°C and 50°C exhibited no significant
effects on the fatigue crack propagation in transverse direction [152],

Degradation at physiological conditions. Investigations including exposure to physi¬
ological solutions and to env ironments at 37°C were performed for the evaluation of

CF/PEEK in biomedical applications. Storfer-lsser investigated the transverse properties
ofAPC-2 after exposure to water at 37~C [41]. After 16 weeks, both, transverse tensile
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6. Influence ofenvironmental exposure

and transverse compression properties were found to decrease to about 75% and 90% of

the initial values, respectively. This reduction was related to changes in the crystallinity
of the matrix. Maharaj investigated compressive and flexural properties of CFdPEEK in

lactated Ringer's solution and observed no significant effects at 37°C, whereas a 16%

reduction resulted from 1.5 years exposure at 90°C [32]. Meyer measured the ultimate

bond strength of PEEK microdroplcts on single carbon fibers after exposure to physio¬

logical saline at 37, 65 and 95°C for 5000 hours [28], He found significant reduction of

interfacial properties as a function of both, time and temperature. The same study was

extended to material specific acellular inflammatory exudate harvested from rabbits [26].
The decrease of interfacial bond strength was attributed to diffusion of water and'or salt

ions into the samples and interaction with the CF/PEEK interface. Zhang investigated
the long-term compressive properties of CF PEEK composites and found no significant
effects after 5000 hours in physiological saline at 95°C [38].

Summarizing the reviewed studies, it is noted that the results are partly oppositional.
Some studies reported a significant influence on flexural, impact and interface strengths
of CF/PEEK, while other authors noted no effects under the same environmental expo¬

sure parameters. If effects on mechanical properties were observed, it is generally

accepted, that matrix and matrix dominated properties were most affected by thermal and

hygrothermal exposure.

6.1.2. Hygrothermal stability of GF/PET

The E glass fibers used in this work exhibit a high hydrolytic resistance [1 53], Polarized

water molecules are strongly bonded to SiO" and A10" residues on glass fiber surfaces.

Temperatures of 500°C are needed to remove the adsorbed water [154]. Therefore, with

respect to hydrolytic degradation, the properties of matrix and fiber sizing are of higher

importance than the fibers, because the latter are considered stable in hydrous solutions

even at elevated temperatures. The fiber sizing is a well kept secret of the manufacturer.

In most cases, sizing is a aqueous dispersion or solution, consisting of kcing agents1,
film formers", lubricants and other components [154]. In contrast to thermosetting matri¬

ces, the sizing is 11811311}' not intended to undergo chemical reactions with thermoplastic
matrices because the latter are mostly unreactive. A more important contribution to the

fiber/matrix bonding is the fact that thermoplasts wet and adhere to certain film formers,

e.g. epoxides or polyvinyl acetate. Since the sizing is mainly responsible for the

fiber/matrix interface bonding, degradation of the sizing results in decreasing mechanical

properties of glass fiber reinforced polymers.

Poly(ethylene-terephtalate) (PET) decomposes in water. At 25°C, the degradation

process is very slow which is important with respect to the use of PET as water contain-

1. family of chemicals which can co-react with the resm during poKmenzation, thus forming a

chemical bridge between fiber and matrix

2. suspension ofpohmenc particles (often pohvmvl acetate) in aqueous medium
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ers. Only approximately 0.1% of the ester groups decompose in ten years [155]. At

higher temperatures, degradation is faster and accelerated in an autocatalytic fashion.

The carboxyl end groups (-COOH) which are formed at the terminus of the polymer

fragments and molecules of terephtalactic acid may act as active catalysts of the degrada¬

tion [ 155], Zimmermann investigated the thermal and hydrolytic degradation of PET and

found that a high initial -COOH contents increased the degradation speed significantly

which is coherent with the concept of autoeatalytic degradation [156], This is important,

considering that the initial -COOH content strongly depends on thermal degradation,

occurring throughout composite processing at temperatures of 280 - 320°C. Jabarin

emphasized the promoting effect of higher processing temperatures on the formation of

-COOH groups [157], An extended study on the effect of water sorption on PET and its

long fiber composites at temperatures up to 87-C was performed by Bastioli [158], He

observed a quasi-equilibrium water uptake of approximately 1.1%, accompanied by a

decreasing molecular weight (MW) to about 25% of the initial MW after 750 hours

immersion in water at 87°C. Similar to the studies described above, Bastioli found a sig¬

nificant increase of carboxyl end groups. The degradation lead to a significant decrease

of the fracture toughness of neat and glass fiber reinforced PET which was attributed to

the embrittlement by hydrolysis. Water absorption at relative humidity (RH) from 32 to

90% at 23°C lead to a water uptake of 0.7% by w eight, accompanied by a decrease of Ta,

molecular orientation, yield stress and ultimate stress [159]. In summary, it is reported,
that hygrothermal exposure of PFT and its glass fiber composites leads to hydrolytic

degradation of PET and therefore of the fiber matrix interface. Effects on the fibers were

not observed. The degree of degradation depends on environmental parameters and the

initial chemical composition of PET.

6.2. Methods

CF/PEEK and GF/PET knitted reinforced composite panels were processed according to

chapter 2.2. Four-point (4-pt) bending was performed to determine standard mechanical

properties, i.e. strength and elastic modulus. Experimental parameters of the 4-pt bend¬

ing test as applied in this work are described below. Failure behavior, fracture toughness
and impact response were studied using out-of-plane compact tension (chapter 4) and

falling weight impact (chapter 5). 'fhe results described in these chapters serve as refer¬

ence for the comparison of unexposed and exposed samples. Characterization methods,

sample dimensions and experimental set-ups are described in the respective chapters.

6.2.1. Environmental conditions

To investigate the env ironmentai effects, samples were exposed to selected temperatures,

media and exposure times as shown in table 6.1. Knitted CF reinforced PEEK is of inter¬

est for both, medical and technical engineering applications. I herefore, the influence of
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immersion in simulated body fluid (SBF) as well as exposure to hot water was investi¬

gated. SBF is a hydrous solution with physiological concentrations of mineral compo¬

nents; its composition after [160] is summanzed m table 6.2.

material characterization media temperature

[°C]

exposuie

time [weeks]

CF/PLLK 4-pt bending di\ 90 25

CF/PEEK 4-pt bending SBI 37 25

Cr/PEEK 4-pt bending SBF 60 25

CF/PFFK 4-pt bending SBr 90 25

CF/PbLK 4-pt bending 112o
1 90 12 5,50

CF/PCEK impact IhO 90 25

CF/PfEK compact tension IhO 90 35

GF/PET 4-pt bending IhO 90 1,2

GF/P1 T impact n2o i 90
t

1

Table 6 I Characterization methods media temperatures and exposure times of the tested

knitted CF reinforced PEEK and knitted GF reinforced PET samples

ion cone.

blood plasma

[mmol/1]

ion cone.

SBF

|mmol/I|

chemicals

used

|mmol/l|

molecular

weight

[g/mol]

weighted-in

quantity

fmgl

2 5 (Ca2+) 2 5 (Ca2 ) 2 5 (CaCb) 1110 277 5

1 (UP04% 1 (IIPO,2) 1 (klEP04) 100 1 96 7

142 (Na )

103 (CI )

142(Na )

14S(C1)

ir (\aCl) S8 4 8006

1 5 (Mg2A 1 •> (Mg: ) I 5 (Mgt 1: ftlhO) 203 2 304 8

5(KA 5(K ) 3 0 (KCl) 74 6 221 7

27 (HO>, ) 4 2(1 ICO, ) 4 2<\alICO,) 84 0 352 8

0 5 (S042-) O^(SOf) 0<!(Na;SO4) 1420 71

2 5 (Ca: ) 2 S {Çf ) 2 5 (CaCh) 1110 277 5

Table 6 2 Composition of simulated body find (SBI ) as used m the pi esent w ork The ion con¬

centrations of minci alogy components iw/s similat to the concentration in human

blood plasma
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6. Influence of environmental exposure

All samples were fully immersed in the respective media. To prevent evaporation of the

liquid during long-term exposure of the liquid the samples were stored in Pyrex glass

dissicators. Prior to immersion all samples were dried in a vacuum oven for 5 days at

90°C and 50°C for CEPEEK and GF/PET, respectively.

Moisture content with increasing immersion time was determined at different time

steps, using an analytical scale (Chyo JL-200, Japan). Moisture content is defined as:

moisture content YC =

weight of immersed sample - weight of dry sample

weight of dry sample
x 100%

Before weighing, the samples were taken out of the dissicators, the surfaces were gently

wiped off and dried for 15 minutes at room temperature.

6.2.2. Characterization

4-pt bending

Experimental setup. Using a diamond saw. samples of 25 mm width and 100 mm

length were cut from the composite panels. 1 he sample surfaces were grounded and pol¬
ished to reduce border effects. To avoid data scatter caused by varying panel qualities,

unexposed and exposed samples used for a specific environmental parameter set were

taken from the same panels. 4-pt bending tests were performed according to

ASTM D 790M [161] on a mechanical testing apparatus (Zwick 1456, Germany)- Fhe

flexural properties were determined in wale direction. The elastic bending modulus was

determined between 10 and 50% of the bending strength. Test parameters are summa¬

rized in table 6.3.

parameters

support span [mm |

load span |mm|

crosshead speed [mm mm]

radius ol support span |mm|

radius of load span [mm)

aveiage sample thickness [mm]

support span
'

sample thicknes

CF/PEEK

?2 4

36 2

81

40

GF/PET

60

30

3.5

1 71

35/1

Table 6 3 Experimentell parameters of the 4-pt bending test performed according to

ASTMD 790 \ffl61]
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Immediately before testing, the immersed samples were taken out of the dissicators and

subjected to 4-pt bending without being dried.

Weibull statistics. In order to investigate the influence of exposure time and tempera¬

ture on the scatter of 4-pt bending results, Weibull plots were generated to compare

unexposed and exposed sample populations. A possible systematical change of the scat¬

ter in function of exposure parameters becomes apparent in a Weibull plot.

The Weibull strength distribution is given by equation 14 [162]

P = l-exp - (——i' dV\ (14)

where P is the probability of failure, V the volume, R the maximum tensile strength, Ru
the threshold stress, R0 the characteristic strength and m the Weibull modulus. Weibull

statistics were developed to outrule the effect of sample volume on strength values; it

allows the comparison of the strengths of different-sized specimen of the same material

(equation 15) [162]

— (15)
R,

VA '-'tC

The Weibull modulus /;/ characterizes the strength data scatter. A high Weibull modulus

represents low data scatter. In ceramics. //; is used to characterize the brittleness of a

ceramic material. To calculate Weibull modulus and Weibull strength, the data was lin¬

earized by setting Ru to zero and linearizing equation 14 which lead to equation J 6.

Inf Inf—^-J) = C + m- In/? (16)

The measured strengths were sorted in an ascending order and to each strength was

assigned a probability estimation oï P = (i - 0.5) / N, where i was the ith specimen and N

the total number of specimens, fhe Weibull modulus is the slope of the least square lin¬

ear fitting curve of the data in a ln(ln I '

(1 - P)) versus (In R) Weibull-plot and the tensile

strength is the intercept, the stress for which ln(ln 1 / (I - P)) = 0

-< m

R = e (17)
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6.3. Results and discussion

6.3.f. Mass gain

CF/PEEK

Moisture content of knitted CF reinforced PEEK in function of the immersion time in

water at 90°C is presented in figure 6.1. Different mass gain behaviors were observed in

different samples.

5 0.6
O)

CO 0.4
CO

0.2

0

0

a)

Figure 6.1:

X 1
II*1

ÏIÏ £ * 1 0 95

0 85 L

CF/PEEK

CO

CO

g 0.75

0 65

1000 2000

exposure time [h]

3000 400

b)

CF/PEEK

900 1400 1900

exposure time [hj

Mass gain ofknitted CF reinforced PEEK (impact samples) versus exposure

time in HjO at 90°C (n=6) Plotting the mass gain ofTwo randomly chosen

individual samples on a smaller scale (b), it was noticed that the mass gain xvas

substantially divergent for different samples. After 3000 hours saturation level

yvas not reached

The mass gain of 4-pt bending samples, after 3000 h in water at 90°C (fig. 6. f ) was about

1 % by weight, a value higher than ev er observed in other studies (see chapter 6.1.1). Fur¬

ther, a saturation level was not reached after 3000 hours (=-17 weeks). Obviously, another

water absorption process accompanied the equilibrium absorption of PEEK. Tn table 6.4,

the maximum mass gain reached after different immersion periods is presented. Values

as high as 1.68% per weight were determined in 4-pt bending samples after immersion in

water at 90°C for 50 weeks.
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characterization

method

exposure time sample dimensions

[weeks] [mm x miul

mass gain

[%wt|

impact V 150x100 0.98 ± 0.03

compact tension 25 136x80 1.49 ± 0.04

4-pt bending ; 50 100\25 1.68 ± 0.24

Table 6 4' Mass gain ofdifferent CF PEEK sumjtle series throughout exposure in H2O at

90°C. Even Though mass gam increased yvith time, the data could not be related to a

standardphysical absorption lav The higher standard deviation observed m The

4-pt bending samples series is assumed to be related yvith the smaller sample size

The following reasons are assumed to be responsible for the deviating mass gain behav¬

ior:

• The sample series originate from different hot pressed panels. Considerable differ¬

ences in both, mechanical properties and porosity were found in panels resulting from

different manufacturing batches.

• The sample properties were also found to div erge w ithin individual hot pressed com-

posite panel of 300 \ 300 mm
. Samples, from the middle of the sample showed higher

mechanical properties and lower porosity than samples from the border area.

• The ratio of sample circumference to sample surface is different in impact, compact

tension and 4-pt bending samples. Because of border effects, a higher ratio is supposed

to lead to higher mass gain, which is coherent with table 6.4.

The porosity contents of the studied knitted CF reinforced PF/EK was found to be

between 1.2 and 3.3% [46]. The fact that mass gain was significantly higher than equilib¬

rium water absorption of PEEK, and that it dev iated in function of the sample series, are

indications of a correlation between water absorption and porosity contents. The mass

gain is supposed to be caused by physical absorption of water in the PEEK matrix and by

diffusion of water into the pores. This explains the high water absorption reached and its

deviating behavior depending on the sample series.

GF/PET

Significantly shorter exposure times were applied for knitted GF reinforced PET (see

table 6.1). Mass gain versus exposure time to water at 90°C is plotted in figure 6.2. A sat¬

uration level of approximately 0.75% was reached. However, PET exhibits hydrolytic

degradation in water at 90°C (see chapter 6.1). Therefore, saturation could also be a con¬

sequence of a competing mass loss because of matrix degradation. Tn preliminary stud¬

ies, the weight of GF/PE f samples was observed to decrease below their initial value

after an exposure time of 500 hours.
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Figure 6.2:

Mass gain ofknitted GF reinforced PET

in function ofexposure time to yvater at

9()CC (n = 4). A saturation level of

roughly 0.75% was reached after

approximately 100 hours. The saturation

level is supposed to be related yvith a

competing mass loss process, caused by

hydrolytic degradation ofPET.

6.3.2. Effects on the mechanical properties of knitted CF reinforced PEEK

4-pt bending

Statistics. The 4-pt bending strength is assumed to obey a Weibull distribution (see

chapter 6.2,2). The results of all unexposed samples were statistically evaluated using a

Weibull plot (fig. 6.3). A Weibull modulus of/» = 15.0 and a characteristical strength1 of

557 MPa was determined.

o_

1

0

-1 -

je"
-3

.4 _

bending strength [MPa]

450 500 550 600 650 700

I

A
*

CF/PEEK

-

unexposed

•

/*

„ / Weibull modulus m = 15

- / » characteristical strength = 557 MPa

i i

6.1 6.2 6.3 6.4

ln(R/MPa)

6.5 6.6

Figure 6.3:

Weibull ploT ofThe 4-pt

bending strength

determined in 44

unexposed samples. A

Weibull modulus m of 15

and a characteristical

strength of557 MPa

(corresponding to a

failure probability of

63°o) were determined.

The Weibull modulus m quantifies the data scatter of the measured bending strength.

High values for m corresponds to a low data scatter. Tn comparison, the Weibull modulus

of common engineering ceramics is approximately m = 10. The value of/?/=15 was

1. The characteristical strength is defined as the failure probability Pof(l-l/e), i.e. 63% in the

Weibull statistics.
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6. Influence of environmental exposure

determined for the bending strength of unexposed CF/PEEK samples originating from

different manufacturing batches and from different locations within a composite panel.
As mentioned in chapter 6.2.2, samples which were used to evaluate the effect of a spe¬

cific environmental parameter were taken from the same panel in order to reduce data

scatter. Therefore, the resulting Weibull moduli were higher than the one determined

from all unexposed samples. Weibull statistics were exclusively performed to evaluate

the influence of the exposure on the data scatter. Fhe 4-point bending strength and

E-modulus were determined using standard average and standard deviation. Therefore.

Weibull plots in the following sections are given without indication ofm and characteris¬

tical strength.

Influence of temperature. The main purpose of the investigation of physically aged

dry samples, was to distinguish between the influence of temperature and the effect of

water. Bending strength and E-modulus before and after physical aging at 90°C for

25 weeks are plotted in figure 6.4. Weibull plots are shown, because a systematical

change of the data scatter as a consequence of the exposure would split the Weibull data

into two groups, exhibiting different slopes of linear approximation.
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Bending strength and modulus of knitted

CF reinforced PEEK before and after

pin sic al aging at 90°C for 25 it eeks

(ii>5) \o significant reduction in strength

and E-modulus xuts observed The data

scatter was not influenced by the

exposure

No significant decrease of the flexural properties was found. Physical aging showed no

substantial effect on flexural properties off F reinforced PEEK. Neither data scatter nor
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changes in bending strength and E-modulus were found after 25 weeks of exposure to air

at 90°C.

Influence of water. Bending strength and E-modulus before and after exposure in

water at 90°C for 12 5 and 50 weeks are shown In fisure 6.5.
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Figure 6 5 Bending strength and E-modulus of knitted CF reinforced PEEK before and

after unmet sion in H~>0 at 90 }C for 12 5 and 50 w ecks (n=-8) The indices

* and - / cfc't to the i espe c tn e unexposed samples No significant decrease of

E-modulus (bj) or strength (b^) was obsei \ ed The data scatter yias not

systematically influencée/ by The exposmc (apfl

Similar to the physical aging in air. immersion in water did not influence the bending

properties of CF'PEEK knits.

Influence of SBF at different temperatures. Regarding the medical applications of

CF reinforced PFFK, immeision in SBF was the most important environmental effect

studied in this work. In figure 6 6. the effect of exposuie to SBF on the flexural proper¬

ties of knitted CF reinforced PEFK is shown

Ss
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The results revealed no significant effects of long term immersion in SBF. At elevated

temperatures, a slight increase of the strength was observed (fig. 6.6, b2). However, the

effects remained within standard deviations and therefore were considered to be insignif¬
icant.
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Damage zone. Figure 6.7 shows SEM micrographs of tested 4-pt bending specimens

(tensile surface). Unexposed (a) and exposed (50 weeks in H20 at 90°C) samples (b)

exhibited no detectable differences in fracture behavior. At the fracture surfaces of bun¬

dles (A), matrix adhering at the fiber surface and short fiber pull-out lengths (arrows in a2

and b2) were observed. This is an indication of high fiber/matrix interface adhesion.

Figure 6.7: SEM investigation oftested 4-point bending samples (tension surface). After

50 weeks in LEO at 90°C (b), no significant differences in the phenomenological

fracture behavior xvasfound. Matrix adhering at thefiber surface and short fiber

pull-out lengths were observed, before and after exposure (arrows in ci2 andbf)-

This is an indication ofhigh interfacial adhesion.

Compact tension

Energy release rate G|C and fracture toughness K]C of knitted CF reinforced PEEK

exposed to H20 at 90°C are presented in figure 6.8. See chapters 4.3.2 and 4.3.3 for def¬

initions of terms and discussion of the unexposed results. Table 6.5 gives an overview of

all results, before and after immersion.
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CT/PEEk
unexposed

G1C [kJ/mm2]
exposed

G[( |kJ/innr]

unexposed

Klc fkJ/mm"|

exposed

Kjc [kJ/mm~l

Is significant uack

gio\vtli(90°)
23-t 9 19 s 20 4=4 184 2

ci ack giowth

^mls(^°)
32 ±7 28 =s 24 4=3 22 ± 2

st
1 significant et ack

giowth(0°)
54 4,12 6s b 45 ±5 50 t2

ci ack gi owlli

atknux(0°)
74 4= 15 98 - 16 52 i 5 61 ' S

Tablet) 5 Eneigy i elease i ates Gjp and fuie tun toughness Kjçbefoie and after unmet sion in

H2O at 90°C (n>4) See chaptei 4 s 2 foi definition of 1st significant a ack gicmth
and ciack gi owth fi om Fmax
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Figure 6 8 Relattx e e hemges of the fi ac nu e toughness Kjq befoi e and after immersion foi

3 5 weeks 111 IDO at 90°C Ex en though a slight inciease in the case ofthe 0°

samples (b ) y\as obsei y cd the diffcieiues 1 attainedxxitlun standen d deviation

foi absolute x aluc s cd Kjr and Gpr see table 6 5

All changes observed remained vvithm standard deviation While the fracture toughness

slightly decreased in 90' testing (load in couise, ciack in wale), a tendency to highei val¬

ues was obseived m 0" testing (load m wale, ciack m couise) However, the difleienccs

weie not significant

I he failure behav lor in compact tension testing and the resulting damage /one and

fracture suilace of exposed CF PFEK samples weie similat to those of the unexposed

samples It is referred to chapter 4 loi a detailed study of the observed phenomena
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Impact

Impact performance of KFRCs was studied in chapter 5. Definitions of terms and discus¬

sion of failure mechanisms are presented in chapter 5.

Perforation testing. The characteristical impact values of as received and exposed

samples are summarized in table 6.6. A small amount of samples were tested success¬

fully (n=2). Small differences were observed in initiation energy and propagation energy

between unexposed and exposed samples. However, the influence of exposure on perfo¬
ration impact behavior is considered irrelevant, due the small amounts of successfully

tested samples.

peak
force

i IklS/mml

initiation propagation

energy energy

[J/nim) [J/nun]

dissipated

energy

[J/nim]

ductility
index

11

6DL(1.8I mm)
1414

unexposed
3.5,4 4 7 1.6.5 10.7, 10.9 0.7, 0.6

6 DL (1.87 mm)
1 } 1 4

exposed
5.7,5.1 4 6,3.7 10.3,8.9 0.5,0.4

Table 6.6: Characteristical impact values of knitted CF reinforced PEEK, exposed and unex¬

posed (n=2) All values xvere thickness normalized A slight shift from propagation
to initiation energy was observed as a conseepience ofthe exposure This lead to a

slightly lower ductility index Hoxvever, due To The small amount ofsuccessfully
Tested samples, this tendency is considered irrelevant

The investigations of the perforation impact damage zones showed no detectable differ¬

ence in macroscopical and microscopical failure behavior of unexposed and exposed

samples.

Low energy impact. Results of as received and exposed samples are summarized in

table 6.7.

peak force I dissipated energy

[kVmm] [J/nun]

4DL(1.26mm)
10^ 0 1

unexposed
1.4 fc0.3

4DL(1.28mm)

exposed

Table 6,7: Loxv energy impact response of as received and exposed knitted CE reinforced
PEEK (n 5 for exposed, n - 3 for as received). No significant differences were

observed.
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All values determined in low energy reflected no significant influence of hygrothermal

degradation. The treshold value for damage initiation (peak force) and dissipated energy

remained unchanged. Similar as in perforation impact testing, no difference in macro¬

scopical failure behavior was observed in SEM im estigations of the damage zone.

Discussion

Physical aging and hygrothermal exposure to water and SBF exhibited no significant
effects on the mechanical properties of knitted CF reinforced PEEK, determined in 4-pt

bending, compact tension and impact testing. In all characterization methods, failure

behavior and damage zones were found to be unaffected by the exposure. However,

some tendencies were observed in the numerical results of unexposed and exposed
CF/PEEK. To evaluate if theses trends are consistent or not, they are discussed and com¬

pared with results reported in literature.

Increasing mechanical properties could be explained by relaxation mechanisms of

the PEEK matrix, as observed in [144], However, relaxation is a consequence of temper¬

ature and therefore, occurs to the same extend during exposure at 90°C, regardless of the

environment. Relaxation mechanisms could explain the slight increase of 4-pt bending

strength (fig. 6.6, b) but is in contrast with the unchanged 4-pt bending strength of physi¬

cally aged CF/PEEK. Reduced interface strength after exposure to physiological saline

as determined in [26, 28], is oppositional to the increased 4-pt bending strength after

immersion in SBF (fig. 6.6, b). A decrease of the transverse properties of unidirectional

CF/PEEK, caused by immersion in water at 373C was reported in [41 ]. This would be in

accordance with the slightly decreasing fracture toughness determined in 90° compact
tension but is in contrast with the bending strength which was found to remain

unchanged after long term exposure to water at 90CC.

The observed tendencies are contradictory. Therefore, and because all changes
remained within standard deviation and a 5% limit of the initial value, it is concluded

that longterm exposure to SBF and water at elevated temperatures shows no effect on the

mechanical properties of knitted CF reinforced PEEK.
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6.3.3. Effects on the mechanical properties of knitted GF reinforced PET

4-pt bending

Because of the larger panel dimensions ("Oo x 500 x 1.8 mm, see chapter 2.2), all knitted

GF reinforced PET samples could be taken from the same composite panel. Therefore,

results of the exposed GF/PET samples can be referred to one single unexposed batch,

unlike the CF/PEEK results presented in the previous chapter. Weibull statistics

(chapter 6.2) were performed on the bending strength of exposed knitted GF reinforced

PET (fig. 6.9). The samples were immersed in H20 at 90°C for 1 and 2 weeks, respec¬

tively.
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Figure 6.9:

Weibull plot ofunexposed and

exposed GF'PET bending

samples. Significant decrease of

bending strength (i e. shift from

right To left) in function of

exposure time xvas observed

The Weibull modulus m, yvhich

quantifies the data scatter, did

not change systematically. This

is an indication that

degradation effects occurred

universally among all tested

samples.

Elastic modulus and strength were calculated usine standard average and deviations, 'fhe

absolute values are given in table 6.8, the relative properties, as a function of the expo¬

sure time, are shown in figure 6.10.

exposure time

(weeks]

bending E-modulus

IGPal, |%]

bending strength

|MFa], |%]

unexposed (n= A 21.1=0.7.(100) 328 = 8,(100)

1 week (n - 6)

2 weeks (n - 6)

19.0= 1 2,(87)

17 S 0 9,(81)

167= 13,(50)

119 -.-6,(35)

Table 6 A Bending strength and E-modulus were found to decrease significantly after exposure
in /AO at 90°C for 1 and 2 yveeks. respectively The loss ofproperties was more

pronounced for E-modulus than for strength
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Figure 6.10: Relative beading properties of unexposed and exposed GF knitted reinforced

PET (1 and 2 xveeks m IPO at 90 C, respectively). Significant decreases were

found in modulus and, to a higher elegree. m strength.

The flexural properties were found to be significantly reduced by environmental expo¬

sure. It is important to note that the E-modulus also decreased, although to a smaller

extend than strength.

Damage zone. Differences in the microscopical failure of unexposed and exposed

GF/PET fracture surfaces were studied. After bending failure, the samples were manu¬

ally separated to allow investigation of the bulk of the fracture zone. Figure 6.11 shows

SEM micrographs from the tension surface of unexposed (a) and exposed (b, 2 weeks,

H20, 90°C) 4-pt bending samples. Bundles failed in tension (A), exhibited relatively

short pull-out lengths in unexposed GF PET (at). A high amount of fibers in exposed

samples were completely released from the matrix (bt B). Transverse splitting of loop

heads (C) was observed in the exposed samples only (bj). This was an indication for

reduced fiber/matrix interface strength. In high magnification SEM micrograph (b2),
fiber surfaces free from matrix (E) were noticed in exposed GF/PET (b2). Matrix frag¬

ments were still adhering to the fiber surfaces of unexposed samples (a2, D). Although

the fibers in exposed samples (b2) v\ere free from matrix (E), the fiber surface and its

failure behavior did not exhibit signs of fiber degradation. The influence of exposure is

assumed to be limited to matrix and fiber matrix interface degradation.
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*vm

iSiliilïÈiAîïiî%sv'

IliS

Figure 6. Il: Fracture surfaces ofunexposed (a) and exposed (b) 4-pt bending samples, After

failure, the samples were manually separated to alloyv investigation ofthe bulk

ofthe fracture zones. In unexposed GF/PET, shortfiber pull-out lengths were

observed in bundles failed in tension (A). Transverse splitting ofloop heads (C)

and long fiber pull-out lengths (B) were found in exposed samples (2 weeks,

H2O, 9()°C), Thus indicating a reducedfiber/matrix interface strength. This is

coherent with the observation offiber surfaces clean from matrix (E) in exposed

GF/PET. whereas pulled-out fiber surfaces in unexposed samples exhibited

more adhering matrix fragments (D).
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Impact

In contrast to CF/PEEK, after only one week exposure to FI20 at 90°C significant differ¬

ences were observed in the excess energy impact test results of unexposed and exposed

knitted GF reinforced semicrystalline PET. Characteristical impact values are presented
in table 6.9.

semicrystalline
' peak

force
GF/PET

ot/Jljl
IkN/mmf

initiation propagation

energv energy

[J/nim] fJ/mm]

dissipated

energy

|J/mm|

ductility
index

u

4 DL (1.76 mm)
22±01

unexposed
11.6±1.2 7.7=1.7 19.3 ± 1.5 0.4 = 0.1

0.3 = 0.1
4 DL (1.68 mm)

]
,

t
.,

exposed
" 9.8±0 9 4.7 .-0.7 14.4 ± 1.2

Table 6.9: Thickness normalized characteristic al impact values ofexcess energy impacted
hutted GF reinforced PET, as received in=3) and exposed (7 days in II2O at 90°C,

11=4). A significant reduction of peak force propagation and dissipated energy
resulted from the exposure.

Significant reduction was observed in peak force, propagation and dissipated energy. The

respective force-time and force/energy-displacement plots are shown in figure 6.12.
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Figure 6 12 Perforation (execs s energy ) impact response of unexposed and exposed (1 week

in H2O at 9AO knitted GF reinforced PET The exposed composite revealed a

substantially different impact behavior The amount oftotal dissipated energy

upon perforation was substantially Imver in the exposed samples.

Exposed samples showed a significant^ lower peak force, which was reached at higher

impactor displacement compared to unexposed samples. This can be understood if con-
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sideimg the low matrix and fiber/matnx mteiface properties m exposed Gl PET sam¬

ples The stiess is transferred from one fibei to the next ovet mteiface and thiough the

matnx With lowet matnx mteiface piopeities stiess transfer is less efficient and failuie

occuts at lower foices Maximum displacement upon penetration was similat m unex¬

posed and exposed samples because it is assumed to be defined b> the knit stiuctuie, as

desctibed in chaptei 5

Damage zone. I he macroscopical peifoiation impact damage ol an unexposed (a) and

an exposed (b) semicivstalhnc GF PFT sample aie shown m figure 6 13

a) GF/PET unexposed b) GF/PET exposed (1 week 90°C H20)

Figuie 611 Maci ose apical peifoiation impact damage of unexposed (a) and exposed (h)

semiciystallnie GF/PET A significantly laigei damage zone (aitow s) lesulted

fi om pa foiation ofthe exposed sample Mote fibei s t eleasedft ont the

composite xseie obsaxed in the damage zone offhe exposed samples

A considerable larger damage zone and a highei quantity of fibeis leleased from the

matnx weie obsei\ ed in exposed samples Therefore, the total fiactuie suiface area, con¬

sisting of îeleased fibei and ieleased bundle surfaces, was assumed to be larger in

exposed GF/PET In conti ast to the findings of chaptei 5, a largei damage zone did not

result m an increase of dissipated eneigv It is concluded that degiadation exceeded the

limits m which the dissipated impact entigv is positiv elv influenced by the highei total

fiactuie suiface

Discussion

Elygiotheimal cxposuic of knitted GF lemfoiced PFI lead to a significant reduction of

its mechanical piopeities, deteimined by 4-pt bending and peifoiation impact testing

fhe dectease was related to seveie matnx and fibei matnx interlace degiadation
The fiactuie sur faces in exposed samples of both 4-pt bending (fig 6 11) and

impact damage zones (hg 6 IT), exhibited significantlv highei fibei pull-out lengths and
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6. Influence of environmental exposure

more fibers free from matrix fragments than in unexposed samples. These indications of

reduced fiber/matrix interface strength were coherent with force-displacement plots

(fig. 6.12) and characteristical values (table 6.9) of perforation impact experiments. Less

efficient stress transfer and low matrix properties lead to lower peak forces and dissi¬

pated energy determined in exposed G17PET.

The bending strength was reduced to 35% after two weeks of immersion in II20 at

90°C (fig, 6.10, b). The elastic modulus of the same samples decreased to about 80% of

the initial value. This result might be surprising when considering that the clastic modu¬

lus is usually not influenced by degradation. An explanation is found when considering

the experimental procedure which was applied in 4-pt bending tests. As described above,

hygrothermal exposure is reported to cause embrittlemcnt [158] and to decrease yield

stress and ultimate strength [159] of PET. fhe elastic bending modulus of GF/PET knits

was determined between 10 and 50% of the bending strength (secant modulus of elastic¬

ity). Due to the embrittlement, matrix damage in the exposed samples was observed

throughout the entire 4-pt bending experiment, considerably before 50%> of the bending

strength was reached. The determination of the elastic modulus in a stress range of dam¬

age explains its decrease compared to unexposed samples which did not exhibit damage

mechanisms at stresses below 50% of their bending strength.

6.4. Conclusions

In this chapter, the effects of hygrothermal exposure on mechanical properties of knitted

CF reinforced PEEK and knitted GF reinforced PET were studied. CF/PEEK knits were

immersed in water and SBF at 37, 60 and 90 5C for exposure times up to 50 weeks. Sig¬

nificantly shorter exposure times were applied for GF'PET knits, which were immersed

in water at 90 °C for a maximum of 2 weeks.

While a decrease of matrix and fiber/matrix dominated, transverse properties is

reported in literature [40, 41, 148], longterm immersion of CF/PEEK in H20 and SBF at

elevated temperatures showed no significant effects on 4-pt bending strength, fracture

toughness and impact performances. This is mainly attributed to the excellent environ¬

mental resistance of CF/PEEK. Another contribution may be brought in by the reinforce¬

ment structure. Even though the properties of KFRCs are matrix directed [46], there is no

distinctive transverse direction as in unidirectional composites. Therefore, small

decreases in matrix and'or fiber'matrix interlace properties may not become apparent in

the macroscopical mechanical properties of KFRCs. It is concluded that knitted CF rein¬

forced PEEK is, therefore, highly appropriate for load bearing implants.

The significant decrease of 4-point bending strength and impact performance

observed in knitted fabric reinforced GF/PET is caused by a severe hygrothermal degra¬

dation of the PET matrix and of fiber/matrix interface adhesion. With respect to automo¬

tive applications, the environmental sensitivity of GF'PET has to be addressed by

avoiding moisture contact. Even though the hydrolysis of PET is slower at lower temper¬

ed



6. Influence ofenvironmental exposure

attires, the temperatures at which cars are regularly exposed to are relatively high (e.g.

during insolation). Considering a 50% reduction of bending properties, determined after-

one week in water at 90°C, it has to be expected that over the life time of a car, moisture

and service temperatures would cause degradation effects strong enough to reduce the

performance of GF/PET to a critical level.

Matrix and fiber/matrix degradation exhibited major effects on the failure behavior

of KFRCs. In chapter 5, it was found that the lower interfacial strength of GF/PET com¬

pared to CFTEEK showed a positive influence on the impact energy dissipation ability

of GF/PET knits. In the present chapter, it was observed that a further increase of the

total fracture surface, caused by a decrease of matrix and interface properties, did not

lead to a further raise of dissipated energy, fhe degree of degradation was found to

exceed the limits in which the dissipated impact energy is positively influenced by the

higher total fracture surface.

Finally, matrix and interface degradation were found to affect the elastic bending

modulus (secant modulus) of the studied KFRCs. Fhis could be related with matrix dam¬

age at very low bending stresses. It is concluded, that matrix failure caused a pseudoplas-

tic deformation behavior of the knitted fabric reinforced composite. A similar effect due

to plastic deformation of the matrix was observ ed in knits with viscoelastic matrices, e.g.

CF/PA12L46J.
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7. Interfacial properties of KFRCs

7. Interfacial properties of KFRCs

investigated by means of the push-out

METHOD

This chapter is divided in three parts. In the first part, an energy-based model is intro¬

duced, which was developed to interpret data measured in fiber push-out experiments on

KFRCs. A tool to extract the interfacial properties from the proposed model by using
automated search algorithms is described in the second part of the chapter. The final part

is focussed on the effects of environmental exposure on the interfacial properties of

GF/PET. The chapter concludes with a correlation between macro- and micromechanical

effects, caused by hygrothermal degradation of knitted GF reinforced PET.

7.1. An energy-based analytical push-out model applied to

characterize the interfacial properties of knitted glass fiber

reinforced PET [96]

7.1.1. Introduction

Impact and failure behavior of weft-knitted fiber reinforced thermoplastics were

observed to be strongly dependent on the interface (chapter 5). Because of the complex
fiber orientation distribution in knitted textile composites, intcrfacial properties cannot

be quantitatively investigated using macroscopic testing. Commonly used micromechan¬

ical interface characterization methods, such as pull-out, fragmentation and microdroplet

(microbond) tests, require the use of a single embedded fiber model [163]. These meth¬

ods, however, do not take into account the effects of the fiber architecture and neighbor¬

ing fibers. Additionally, the interfacial properties of thermoplastic composites are

dependent on manufacturing parameters [164-166]. Therefore, it is desirable to investi¬

gate cut-outs of real composite parts.

The microindentation method push-out was chosen to study the interfacial proper¬

ties of weft-knitted fabric reinforced PET. The microindentation method was first pro¬

posed by Mandell et al [167]. Marshall et al, [ 168, 169] and subsequent investigators

[170-176] have pushed a individually selected fiber in and through its surrounding
matrix by applying load on the free end w ith a fiat ended probe or an indentor. 'fhe push-
out test has attracted much attention because it is an in-sltit testing method conducted on

real composite, thus taking into account the factors neglected by the above described,

commonly used micromechanical interface characterization.

In this work, a push-out device set up in a SEM was used. Due to high resolution

and depth-in-field, this experimental setup allows the on-line observation of the initial

debonding, push-in and the frictional controlled push-out process of an individually
selected fiber.
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7. Interfacial properties of KFRCs

To extract interfacial properties from the monitored data it is necessary to make

assumptions about the nature of interfacial debonding and friction mechanics along the

fiber/matrix interface. In this way, an analytical model for the push-out process can be fit

to recorded load displacement curves using the desired interface properties as fitting

parameters [177], To obtain an accurate fit the number of fitting parameters has to be

kept as small as possible.
In the proposed energy based analytical model the involved energy is divided into

debonding energy, potential energy release of the debonded fiber and frictional energy

necessary to slip a fiber along the fiber/matrix interface. The new principle of the pro¬

posed model is to find the optimal additional length of debonding by keeping the total of

these three components minimal. Interfacial debonding can be treated with two different

approaches. A critical shear strength criterion requires the calculation for the elastic

stress field along the entire fiber. The shear stress distribution during the push-out pro¬

cess has been estimated in previous studies which have included different types and lev¬

els of approximations, such as modeling, shear-lag analysis, and interlace sliding
conditions [178, 179]. The concept of interfacial surface fracture energy where the deb¬

onded surface area of the interface is proportional to the applied energy at the crack front

was chosen for this work. Advantages and disadvantages of both approaches, shear stress

and energy criterion were discussed by Zhou et al [ 1761.There it was concluded that a

model based on fracture mechanics approach is physically more appealing than one

based on the shear strength criterion. Interfacial friction has been addressed by a number

of investigators [168, 180-182]. Friction is generally treated as a combination of thermal

induced residual stresses, interfacial clamping pressure due to fiber/matrix interaction

and radial stresses caused by Poisson compression of the debonded part of the fiber. The

first rigorous treatment of the concept of surface fracture energy in combination with

friction was given by Gao [173],

7.1.2. Materials and methods

(A) Weft-knitted glass fiber (GF) reinforced poly(ethylene-terephtalate) (PET)

Manufacturing of weft knitted GF reinforced PET is described in chapter 2. Some

mechanical properties of GF and PET. relevant for the method and model described in

the present chapter are listed in table A1.
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Young's
modulus E

[GPa]

Poisson

coefficient V

II

linear thermal

expansion coefficient a

IK"1!

PET 2.3 0.33 7x 10~5

GF 73 0.22 5xKT6

Table 7 1: Some material properties ofglass fiber and polv(ethylene-terephtalate), relevant for

the method and model described in this chapter

(B) Push-out experiment

The push-out device used for this study (fig. 7.1 ) was developed by Touchstone Research

Laboratory Ltd., (f ISA) and was set up in the chamber of a Carl Zeiss Scanning Electron

Microscope (SEM). This device makes use of the high magnification and depth-in-field
of the SEM to perform push-out experiments on small diameter fiber composites while

observing any failure processes occurring at the top of the free specimen surface. The

loading device uses a ball screw mechanism driven by a microstepping motor with a con¬

trollable displacement rate as low as 0.06 uni'S. Loading of the indentor and displace¬
ment of indentor from sample holder were digitally monitored with a load resolution

O.001 N and a displacement resolution <().()() 1 rim.

stepping motor control

load recording

displacement
recording

w -,

AAAA \\\v^v

-—-' sample holder

groove width

Figure 7.1:

Push-out device set up in a

SEM chamber, using the

advantage ofthe high

magnification and depth-

infield ofthe SEM

Digital deda monitoring

equipment is connected to

the indentor. The loading
device uses a ball serexv

mechanism driven by a

microstepping motor

with a control/able

displacement rale as

low as 0.06 pm/s

An embedded hot stage allowed the characterization of interfacial properties of the com¬

posite GF/PET in function of temperature. The tests were conducted isothermal ly at tem¬

peratures of 23, 40 and 60CC, Specimens of the weft-knitted composite GF/PET, 200-

300 urn in thickness were grounded with size 1200, 2400 and 4000 SiC grounding paper

100



7 Intetfacial piopa tie s of KFRCs

loi, icspectively, 1,1,2 mm and lapping finished foi 1 mm The final specimen thick¬

ness weie 55, 100, 103 and 104 urn Fot use m the SLM the specimens weie gold sput-

teied at 15 mA foi 90 s Specimens weie mounted on sample holdeis with gioove w idth

of 60 and 250 urn Fibeis otientated petpendiculat to the specimen suiface wcte located

and aligned with a diamond mdentoi, Gvget (Switzetland) inside the SEM chamber by

adjusting the position ol the x, y and z-axis tonttollable sample holdci (fig 7 2) A fibet

was pushed at a displacement late of 0 24 urn s Initial debonding at the top of the speci¬

men suiface was indicated by a thm chaige line Concunently, indentor load and dis¬

placement weie digitally monitoied with a sample late of 4 Hz until debonding of the

mtetiace was complete and the fibei was pushed through the matrix against fi iction icsis-

tancc (fig 7 2)

figuie 7 2 In a push-out experiment on a ait out of Gl PET knit the thin chaige line along

the top of the mte i feie c indie ate s inte i foc e de bonding at The suifcic c at an applied

foi ce of 0 1 Y (left) tfta complete debonding the fbei was pushed thi ongh the

niati i\ against fi ie tion i csistane c (light)

Ehe total system compliance (urn A) of mdentoi, device, specimen and sample holdei

was recoided fot each specimen using a A) urn diameiei flat ended mdentoi The compli¬

ance was then subtiacted fiom the lecoided load displacement cutvc (fig 7 3) Fifty-

eight push-out expenments wete conducted on s dit leient specimens 1 torn the collected

load displacement cuives mtei facial piopeities weie exfiacted using the eneigy based

analytical model pioposed tn this vvotk
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Figure 7 3

Experimental monitored and

compliance corrected

(10 pm/N) load-

displacement curves of a

push-out experiment

conducted on a 103 urn

GF/PET specimen offiber

diameter 17.7 urn.

Displacement rate was 0 24

pm/scc and test temperature

0 2 4 6 8 10 set at 23°C.

displacement [urn]

(C) Crack initiation

Tn order to determine the location of crack initiation at the interface, a FEM study was

performed using the software package PATRAN. AISC (USA). To include the influence

of the neighboring fibers, a three cylinder model was used. This concept of a third cylin¬

der around the loaded fiber containing the material properties of the composite was

developed by Zhou [174] in his analytical treatment of the single fiber push-out. In this

work, a preliminary FEM study was conducted to get a qualitative estimate of the shear

stress distribution along the interface. The distinct purpose of this analysis was to answer

the question of where debonding would be initiated with the specific conditions of the

used GF/PET composite.

The early stage of the push-out process was simulated when the fiber is loaded and the

interface is still completely bonded. This allowed an accurate study of the stress state

without including the complex effects of crack progression and frietional sliding of the

fiber along the debonded fibenmatrix interface. Ehe FEM model represented a 90° sec¬

tion around a loaded fiber. Fhe geometric setup, meshing and the boundary conditions

are shown in figure 7.4.

V.H

• experimental
0 corrected 10 urn
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symetrical
boundary
conditions

load applied
on element

nodes

all degrees of

freedom

constrained

1

9 pm j5 pm 13 pm

Figure 7.4:

A FEMstudy it as conducted to

get a qualitative estimate of the

shear stress distribution along The

interface. The scheme presents

fhe meshing ofthe fiber -matrix -

composite FEMmodel used To

calculate the stress state of early

stage push-out yvlien the interface

is still completely bonded fhis

allcwved an accurate study of the

stress stale without including the

complex effects ofcrack

progression and frietional sliding

ofthefiber along the debonded

fiber/matrix interface,

(F — fiber, M - matrix.

C - composite)

Six thousand four hundred volume elements (PATRAN type: 20 node elements) were

divided into three layers with the isotropic mechanical properties of fiber, matrix and

composite. Because it was found that, at a distance of 27 pm from the fiber axis, all

stresses decayed to zero, all nodes at the outer face of the composite layer could be con¬

strained in all degrees of freedom. Fhe mesh was refined towards the fiber/matrix inter¬

face in radial direction and biased towards the free surfaces of the specimen in axial

direction, allowing accurate calculation in the regions with the highest stress gradients.

Load was applied on the inner 60% of the surface nodes of the fiber, thus simulating the

force indentation of the diamond indentor used in the push-out experiments. The total

load on all nodes equalled to 0.1 N, which corresponds to the experimentally determined

load shortly before initiation of debonding (fig. 7.2). Fhe Young's modulus of the com¬

posite layer was varied from 2.3 to 70 GPa to simulate the entire range of the Young's

modulus of pure PET up to pure GF. The FEM calculation was conducted using the lin¬

ear static analysis of the PATRAN package with no thermal clamping included.

7.1.3. Energv-based analytical model

(A) Principle

In this work a new energy based model is proposed, were the push-out process is deter¬

mined by minimal total energy. A cy lindrical fiber of length d and radius r is initially

embedded in a cy linder of composite. At every iteration step /" the indentor is displaced

by AÔ. This results in progression of the crack length /f/by Ald (fig. 7.5 a). In the actual

m
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push-out process it is assumed that growth of the crack length Alc/ adjusts itself in such a

way that the total energy Utol which the indentor supplies is minimized, whereas in the

analytical model the value of Aldhas to be determined at every iteration step / in order to

minimize Utot [168").

a) push-in
load F

displacement
change A5

displacement 5

debonded length 1^

b) push-through

load F

displacement \
change AS

slippage
change As

displacement 5

debonded

„
interface

slippage s

Figure 7.5:

Push-in (a) and push-

through (b) stage. Schematic

ofone iteration step in the

push-outprocess ofthe

proposed energy based

analytical model, y villi

partially debonded interface

(a) and completely debonded

interface (70.

After complete debonding of the interface the fiber has the possibility to slip out of the

surrounding matrix at the back of the specimen by Js at each iteration step / (fig. 7.5 b).
Analogous to crack progression it is assumed that slippage s allows indentor displace¬
ment Ad with minimal energy U,

tor

c
tot

M
i.i

U\
L v As, ij

(18)

To relate minimal energy to the applied force, energy is divided by the displacement
change.
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F =
L^TL1 (19)
Ao

V

The energy Utot of the indentor consists of three components: debonding energy, poten¬

tial energy change in the debonded part of the fiber and frietional energy at the debonded

interface.

11
tot- ^Debonding+ ^^poiLhiud+Ufiutwn (2(^

(B) Boundary conditions for strain and stressfield

Stress decay along the axis of the debonded part of the fiber is constrained to an expo¬

nential character with the rate of decay left as a degree of freedom. The displacement

change along the interface is also assumed to be exponentially distributed (21). If the

external displacement is increased by ziôAhe displacement change A8(z) of the fiber sur¬

face along the debonded interface up to the new crack length /^ +Alj is:

A6,(~) = eL -ts, (21)

With the two boundary conditions (BC) that the displacement change at the top of the

free surface is equal to the indentor displacement change (22) and that the displacement

at the new crack front is equal to zero if debonding is still incomplete and equal to the

slippage As if debonding is completed (23),

BC(1):/'
ö'

-es, = Aö,m/ (22)

BC(2):,'!
(/' + A,/)-cs, = As (23)

the constants c{ ;
and c2, are solved from the expressions:

6

(<:., +W*" -c2l = A8,ni/ (24)

ln(c -,
,
+ As)

'•' '

=

AAAA
(25)

Following (21), (24) and (25) the displacement 5,(z) at the iteration / is then:

of:) = ö, _,(:) + <' -i2 (26)
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The strain in the debonded part of the fiber is expressed with:

c,(0 = A, a'4" (27)

The constants c3 {
and c4, are determined w ith the boundary conditions (28) and (30):

c (8 , + A5 ) 9Ô,(ô, + Aô.)
BC (3): c3 ,e =

-rr (28)
rA

using the fact that the strain is the derivative of the displacement,

A<A) = -f- (29)

and:

BC(4): f'
+ àl,)

c3./' AA = 6W + AS^-j-As (30)
AA,/ + A8„„;)

BC(4) is based on the fact that the integrated strain over the debonded part of the fiber

equals the displacement of the indentor minus the slippage of the back side of the fiber

(30). The derivative of the displacement at the free end of the fiber (28) is calculated with

a deviated polynomial of second degree.

c,(5, + A8,) =
--V'-'~ ;a' ^ (31)

*A

With (27), (28), (30) and (31) we get the expressions to compute the constants c3 ,

and c4l:

cih+Abflic -1)
_

c4] =
-^ '—

—— _-8,-A8,+ s ~Av (32)
A./

c\, = A(ö/ + Aö> (j-v

Hence the stress field in the debonded part of the fiber is:

o(0 = £>A,T(~) (34)

Now the three terms for debonding energy, potential energy change and friction energy

can be formulated.

106



7. Interfacial propel lie s of KFRCs

(C) Debonding energy

Debonding is calculated by applying the concept of surface fracture energy, where the

debonded interface Aldj is proportional to the applied energy at the crack front at itera¬

tion step /'.

Udehl = r-27tr-A/rf>I (35)

r, the surface fracture energy, is the first fitting parameter of the model:

1s fitting parameter = L

um

(D) Potential energy change

The change of potential energy at every iteration i was calculated for the debonded part

of the fiber. Similar to (C) this energy change is primarily a function of the parameter

Aldl{36).

^pon = \[ \£rdutf2(:.^lh)nr2d: (36)
AS, _

Ml
- F -

U (sT)

au
Pon

~ l
Pon

c
Pond A - /

(E) Friction energy

Friction is also influenced by Alj{.

Un,, = /'' +A/')i['c,_1U) + T,(r)127t7-A8,(r)rfc (38)

with:

i;(7) = x0 + ^[a(l + ko:i(:,M(ll)] (39)

In (39) interfacial friction is div ided into three components. The friction caused by asper¬

ity interaction is accounted for with the term r0. Radial stresses are divided into thermal

induced clamping stresses cjl> and stresses due to Poisson expansion Àrx where:

E /A r

A = — /
'

,
(40)

^(l-vc) + £r(l-vr)

Ec =
^^tA^1L_^^ (41)
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a, = A —AuA7 (42)
' v

z\Tis the difference between the push-out temperature and the temperature where total

relaxation of the thermal induced radial stresses can be expected, fhe temperature for

PET where no thermal induced stresses are effective was assumed to be at or slightly

above the glass temperature of 70°C. The two fitting parameters for friction are the com¬

bined terms:

2>u fitting parameter s t0 + \igc1

3
'

fitting parameter = Life

Inserting (35), (37) and (38) into (20) leads to the expression for the total necessary

energy UtQt to displace the top of the fiber surlace by J<)( as a function of Afp. By finding

the Afp at which U/ol becomes minimal the incremental growth of the crack length Alp,

is defined.

A/, =»[A (AA ,)] (43)
A / L tot A a, i ' 'iiini •

(F) Crackfrom back ofspecimen

The FEM computation suggested, that next to the free specimen surface, the back also

experiences high shear stresses if the Young's modulus of the surrounding composite is

low (fig. 7.6).

N
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Figure 7 6.

The maximum shear stresses

xvhich arc responsible for

crack initiation are

calculated for push-out

situations with the GF'PET

interface still completely

bonded (specimen thickness:

60 pm, fiber diameter

18 pm. applied load 0 I N)

The Young's modulus is

varied from 2.3 to 70 GPa.

covering the range of the

fiber volume content from

pure PET over Vp 60% up

to pure GF.

The Young's modulus is varied from 2.3 to 70 GPa. covering the range of the liber vol¬

ume content from pure PEF ov er Vp 60% up to pure GF. Assuming a Young's Modulus

corresponding to the highest possible fiber volume contents within a bundle, the maxi¬

mum shear stresses occur slightly underneath the top of the free specimen surface.

Therefore, it was concluded that the crack is initiated at this location. Nevertheless, rela¬

tively high shear stresses also occur at the back of the specimen, suggesting a second

crack front progressing from the back along the interface. In this work, both crack fronts

were taken into account. Thus, the iterations w ith progressive debonding are repeated up
to the point where lp reaches the critical length Idcrn, expressed with specimen thickness

d and fiber radius r, where the two crack fronts meet.

lJ,an = d~"r (44)

,ih
4 fitting parameter = n [ ]

From this point the push-in (fig. 7,5 a) stage changes into the push-through stage

(fig. 7.5 b) where the A(/c/ww/mcr term of (20) becomes superfluent and minimal. Utot is

obtained through the optimal slippage change As ( 18) of the back end of the fiber.

100



7. Interfacial properties ofKFRCs

7.1.4. Results and discussion

(A) Interfacial properties of weft-knitted GF/PET

From the monitored push-out data, interfacial properties were extracted using three dif¬

ferent approaches. A first approximation of the interface shear strength was derived from

formulae based on shear-lag analysis. Assuming that the hypotheses of the shear-lag

analysis are correct, a possible failure criterion can be a maximum shear-stress criterion.

Similar to [183], interfacial debonding shear stress (IDSS) xtp^ can be defined as:

A/A, - '-^r (45)

where

IE
\l

Er([ + vv)ln{
JÏVr

(46)

A second approach commonly used is defining characteristically interfacial stresses (7def}

and Zjric (table 7.2).

(47)adeb
Kiel'
2k rd

F
1 in nun

Fnc
2nrd

(48)

no
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series 1 series 2 series 3 series 4 series 5

temperature [°C] 23 23 23 40 60

specimen thickness [|im] ss 103 103 100
i

104

gioove width [(.un] 2S() 60 250 250 250

numbei ol samples 10 16 15 9 8

T,/tA(IDSS)[MPal 30 4 4-^7 46-t 7 3ö ± 3 32 ±5

A/A) mi lMPaJ 29 4 2^4 24 ±4 19x2 I6J-2

A/AM»rflMPal si - ^ «)-6 ^8 ±6 5s = 4 slA

T/;/JMPa] 60 7 i 64^4 64 ±6 62 ± 3 58 is

Table 7 2 IDSS (Interface Debonding Sheai Stiength} r^j, ^debuu adeb,eiulanc^' xfiu
extracted fi om push-out expa intents e ondiie ted on m eft-knitted GF/PET

In the third approach the interfacial properties of GF PI T were extracted using the pro¬

posed energy based analytical model.

If Tq 4 pocj is plotted against the difference of the test temperature at which the

push-out experiments were carried out and the residual stress free glass temperature T„

of PET (70°C), then the linear regression of the type:

t0 + pa ;
= 57 5 + 0 074 \T (49)

defines a value for Tlh the friction term that is caused by asperity interaction (fig. 7.7).

For the knitted GF/PET the average value for rn was found to be 57.5 i 2.5 MPa.
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Figure 7. 7:

Determination offriction stresses

Tq, caused bv asperity

interactions, using The proposed

energy-based model.

TQ+pacj is plotted versus the

difference of the test temperature

and the stress free glass

temperature ofPET The dashed

lines represent the 95% confidence

limits ofthe linear regression

through the data points. For the

knitted GF/PET The average value

for Tq yvas found To be 57.5 A 2.5

MPa

With (39) the expression for the thermal induced radial stresses (42) and the linear

regression (49), the expression to determine uk is:

LIA' =
1l.±
Er Aa

(50)

where An is the difference between the linear expansion coefficients of fiber and matrix.

Using (40) and assuming a high local fiber volume content Vp of 65% within the fiber

bundle the friction coefficient u of the GF'PET interface becomes 0.23. Note that Aacan

differ considerably from its first approximation depending on the local fiber volume con¬

tent around the loaded fiber. Further inv estigations are necessary to correlate the local Aa

with the fiber volume content. The summarized results from the proposed model are

listed in table 7.3.

!

test tem¬

perature T

,
r°ci

surface fractuie

energv I

|.I/m-l

asperity
friction Tq

|MPa]

thermal friction

clamping ac\ coefficient u

|MPa] | j

it* 5.0 x 0.S 57 5 v 2.5 i 15.0 - 2.5 0.23 t 0 03

! 40 | 4.5 -t 0 8 | 5" 5x2.5 9 5^2.5, 0.23+0.03

60 1 4.0 i 0.8
l

5"7.5 i 2.5 70 -2.5
,

0.23 ± 0.03

Table 7.3: Interfacial properties for weft knitted GFPEE obtained yvith energv based analyti¬
cal model
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The surface fracture energy F was found to decrease with increasing test temperature. As

the test temperature gets closer to the glass temperature of PET, the thermal induced

radial stresses decrease.

For different material systems, crack initiation can occur at different locations of

the interface. It appeared that these locations were mainly dependent upon the fiber

matrix stiffness ratio. Usually, analytical models assume that debonding starts from the

top of the free specimen surface [173. lAs, 184J. Kerans reports that, after a certain

length of debonded interface, interfacial failure can continue catastrophically [184]. This

could be due to the fact that two crack fronts progressing from opposite directions meet

along the interface. Variation of the composite stiffness showed that the stress decay

along the completely bonded interlace increased w itli increasing composite stiffness, i.e.,

with an increasing local fiber volume content If of the region around the loaded fiber.

The calculated maximum shear stresses along the interface suggested that debonding in

failure mode II is always initiated at or near the top of the free specimen surface. If the

stiffness of the surrounding composite is low, a considerable rise of the maximum shear

stress at the back of the specimen was predicted (fig, A6). Since the mixed Young's mod¬

ulus of the composite increases only very slowly with an increasing fiber volume content

(41), high shear stresses are to be expected at the interface near the back of the specimen.
This justified the concept of a crack progressing from the back of the specimen as well.

(B) Parametric study with the energy based model

With the proposed energy based model, four different parameters of interfacial properties

(E, T0+pac/, fik, n) were extracted. To determine the relative errors when fitting the pro¬

posed model to each experimental load-displacement curve, a parametric study was con¬

ducted. While keeping three parameters constant at the value found to fit best to

experimental data from GF/PET push-outs, one parameter was varied -± 30% (fig. 7.8

a-d). The sensitivities to such changes were observed at three characteristic points of the

load displacement curve. The characteristic points were defined as: Deb-mi (debonding is

initiated), Debcmj (completion of debonding), and Fricmax (maximum load during push-

through). The relative error for each parameter was estimated from the change of the

modeled values at these characteristic points (see table 7,4 and eq, 51). Applying results

from the parametric study an optimal fitting strategy was deduced.
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The errors of the fitted parameters (tab. 4) were estimated with the following expression:

, t.
A fining parameter .... 1

,_1A

relative error = -—•-, z-t—r — • A fitting accuracy 7——7— (51)
A characteristic point

with Afitting accuracy no more than ~ 0.01 N.

best value
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characteristic

points

relative e

surt'a«

fracture en

Debm 20

Debeild 16

''ncmax 160

i

lietion
, , AI

i
crack length n

(AHAl |

Poisson

component uk

125 >200 -200

12 9 175

> 200 100

Table 7 4 The estimated relative errors of the four fitting parametersfor the three characteris¬

tic points of the load displacement curve

(C) Fitting ofmodel to experimental data

From the estimated errors for the four fitting parameters (table 7.4) the following fitting

strategy was formulated. Since F was the only fitting parameter with significant influ¬

ence on DebUII, it was used to fit the modeled Dcbim to the experimental equivalent. The

parameter T0-tu.o"c] was the only one with a considerable influence on Fricl)hn and was,

therefore, used for that characteristic point of the push-through stage. The parameter n

was used to fit Debcnd because n had no influence on the other two characteristic points.
For the composite system GF/PEF, the influence of the Poisson effect was very small

(table 7.4). The parameter uk had almost no influence on any points of the load displace¬
ment curve and, therefore, could not be accurately determined directly from the model.

(D) Specimen bending and thickness

Specimen bending w as kept to a minimum for ev ery push-out experiment conducted. If

specimen bending had been too strong, mode I failure of the interface would have

become predominant and the local stiffness around the loaded fiber could change along
the axis due to different states of radial compression. Push-out experiments were con¬

ducted with sample holders of two different groove widths - 60 and 250 pm (table 7.5) -

and with specimens of different thickness" (table 7.6) - from 55 to 104 urn - to ensure

that extracted interfacial properties were neither influenced by bending effects nor by
different radius'thickness ratios. For the sake of comparability, n was expressed in rela¬

tion to specimen thickness, i.e. n r ' d - I - ld Ult
Ml (sec equation 44).
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groove

width fiinij

surface fracture

energy F [J/m2l
friction

T0+PAl l^1Pi'l

crack

length nr/d [ 1

Poisson com¬

ponent uk [ |

60 5 0 -t 0.6 61 zb 0.50 ± 0.06 0.004

250 5 1 t 0.6
i

62 x b 0.51 ±0.06 0.004

Table 7 5" Results for the four fitting parameters of experiments conducted on sample holders

with two different groove u idth s (specimen thickness: 103 pm, push-out tempera¬

ture. 23°C)

specimen i surface fractuie friction

thickness him| '<
energy F |J/m"| Tß+u.ac| |MPa|

crack

length nr/d | ]

Poisson com¬

ponent uk 11

55 5 ± 0.4
!

60 - 7 I 0.71 ± 0.05 0.004

100 5.5 -i 0.8 65 x 7 , 0.47 +. 0.04 0.004

103 5 i 0.8 62 : 5 0.47 ± 0.09 0.004

Table 7.6: Results for the four fitting parameters of experiments conducted on specimen with

different thicknesses (groove it idth 250 pm. push-out temperature: 23°C)

EAcept for //, which is not a parameter for an actual interfacial property but more a

parameter reacting to different boundary conditions, none of the fitting parameters were

influenced significantly by either the groov e w idth or the specimen thickness.

(E) Comparison with existing analytical models [173,176, 184]

The major difference of the proposed model to approaches of other authors is the concept

of minimi/ed total energy at the free fiber end. fhe total energy is treated as a function of

change of crack length for a given crosshead displacement of the indentor. The progres¬

sion of the crack front is determined by the minimum ofthat function. Fhe advantage of

this concept is that it is not dependent on a single stress or strain value right at the crack

front, but integrates all stresses involved at an iteration point /to find the new position of

the crack front for iteration point /-/. Because of this integration over the complete part

of the debonded fiber the concept is less vulnerable to small errors of approximations at

specific points.
The proposed model is avoiding the assumption made in previous approaches

[173, 176, 184[ mat axial stress decay along the fiber is proportional to shear stress trans¬

fer through the interface, by using boundary conditions for the strain and stress field that

are defined only by geometrical conditions. The assumption of shear stress proportional
axial stress decay leads to an exponential stress distribution along the interface with

stress decay exactly determined by shear stress transfer. In the approaches by [173, 176,
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184], expressions are derived for an equilibrium of forces at the front of the progressing

crack, which is sensitive to the discussed decay. From there the applied load at the free

end of the fiber is recovered using various lev els of approximations concerning the stress

fields in the matrices surrounding the loaded fibers.

A new feature of the proposed model is the coverage of the transient phase of the

push-out process. The transient phase starts at the border between push-in and push-

through (fig. 7.9), at which the just completely debonded fiber is pushed into a steady

purely friction controlled phase. The characteristic of this part of the load displacement
curve can range from a simple load drop to complete jamming of the push-out process,

where it takes less energy to increase the strain of the fiber than to let it slip along the

debonded interface against pure friction. Because the transient phase is sensitive to

changes of the length of the crack from the back of the specimen (fig. 7.8d) it helps to

make an accurate fit to experimental data (fig. 7.9),
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Figure 7 9: Kerans model and the proposal energy based model were fitted To an

experimental load displacement curve of a push-out experiment on a GF'PET

specimen (specimen thickness 100 um, fiber diameter. 17 7 pm, test

temperature. 23"C) Particularly at the transient phase, at which the just

completely debonded fiber is pushed into a steady purely friction controlled

stage, the presented models gives an accurate, continuous representation ofthe

push-out process

Potential energy is stored in the debonded part as well as in the bonded part of the loaded

fiber and in the matrix region around the interlace. Tn this work it was found, that for
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GF/PET the change of the stored energy in the debonded part of the fiber has a predomi¬

nant influence on the load displacement curv e. Parametric studies were carried out where

more than 30% of the total potential energy was stored in the bonded part of the fiber and

in the matrix region around the interface. The effect on the modeled load displacement

curve was only very little, which allowed to calculate the potential energy change for the

debonded part of the fiber only, using the above derived expression for the strain

field (27).

The proposed energy based model was compared with the approach suggested by

Kerans [184]. His model was felt to be representative for other models (e.g. [173, 176])

too, since their analysis have similar starting points. Both, Kerans' model and the pro¬

posed energy based model were fitted to an experimental load displacement curve of a

push-out experiment on a GF/PET specimen (specimen thickness: 100 pm. fiber diame¬

ter: 17.7 pm). Both models correlated well with the experimental data (fig. 7.9) suggest¬

ing slightly different interfacial properties, however. The proposed model corresponds

well with the experiment during all the three push-out stages while overestimating the

load in the transient phase slightly. In the push-in phase, the best fit with the Kerans

model remains slightly below the experimental data, neglects the transient phase and, in

the steady push-through phase, rejoins the experimental curve (fig. 7.9).

It is concluded that the proposed energy based model gives an accurate, continu¬

ous representation of the push-out process while using the new principle of minimal

energy which is independent of specific stress values right at the crack front.

7.1.5. Conclusions

Push-out test have been carried out with thin polished cut outs of the weft-knitted GF

reinforced PET. The system compliance was measured and the experimental load dis¬

placement data could be corrected. This enabled a thorough interpretation of a large data

set. In order to extract interfacial properties independent of testing conditions such as

groove width and specimen thickness, an energy based analytical model is proposed. The

model was independent of a solution for the stress field in the bonded part of the fiber

and no assumptions about the nature of stress transfer from fiber to matrix through the

interface were necessary. The concept of surface fracture energy was used to determine

interfacial crack progression. Friction was treated including the effects of thermal

induced residual stresses, asperity interaction between fiber and matrix and additional

radial stresses caused by Poisson compression. A FEM study suggested that, while the

location of interfacial failure initiation is near or at the top of the free specimen surface, a

second crack can progress concurrently along the interface from the back of the sample.
This effect was included in the model and was found to have considerable influence on

the modeled load displacement curve. Looking at the specific influences of the model

parameters, a strategy was derived to extract interfacial properties from experimental
data with maximal accuracy. At room temperature, the following interfacial properties
for GF/PET were found: 5.0 -t 0.8 J ttr for surface fracture energy T, 57.5 ± 2.5 MPa for
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asperity friction r0, 15.0 ± 2.5 MPa for thermal clamping stress ctc/ and 0.23 ± 0.03 for

the friction coefficient p. Friction properties had a relatively large standard deviation,

higher than could be expected from the conducted parametric study. It is suspected that

neighboring fibers have an important influence on the local Young's modulus and the

local thermal expansion coefficient, thus changing the effects of Poisson compression

and thermal induced radial stresses. Further investigations are necessary to correlate the

mechanical properties of the region surrounding the loaded fiber with the local fiber v ol-

ume content. It is suggested that the proposed energy based analytical model, in this

work applied on weft-knitted GF reinforced PET. is a suitable tool to extract interfacial

properties from push-out experiments.
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7.2. Push-out analyzer

7.2.1. Introduction

An energy-based analytical push-out model was described and discussed in the previous

chapter. In order to apply the proposed model and to compare it with Kerans' approach

LI 841 the models have to be fitted to the measured data. In this chapter, the "push-out

analyzer" is presented, an automated tool that was developed for the following purposes:

• Analyzing of raw push-out data, i.e. performing compliance correction and determina¬

tion of debonding start.

• Determination of interfacial properties by fitting either Luethi's [96] or Kerans' model

[184] to experimental push-out data.

• Applying automated search algorithms in order to avoid variation in results caused by
manual fitting.

• Offering a platform-independent program, accessible on the internet and written in

Java programming language, therefore executable on all operating systems supporting

java.

An overview of the program and its three interactive windows is given below. The pro¬

gram can be accessed and operated on the internet: http: 'www.biocomp.mal.ethz.ch

7.2.2. Interactive window I: Data

The experimental push-out data is pasted into the first interactive window (fig. 7.10). The

respective load displacement curve is displayed after assigning load and displacement

columns. Test parameter (specimen thickness, fiber diameter) and material properties

(moduli, Poisson ratio) have to be entered to accomplish this first step.
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Figure 710 First interactive x\ indcnv of the push-out analyzer In this step, experimental data

and material properties are entered The measured load-displacement curve is

displayed after assigning load and displacement columns.

7.2.3. Interactive window TÏ: Analyze

In this part of the program, the following steps arc performed (sec figure 7.11):

• Determination of debonding start {Dcbwr see table 7,4).

• Two sections of the experimental load-displacement curve are defined. The section

before the debonding start is used to determine specimen compliance, the following

section is the part where the modeled load-displacement curve is fitted to.

• The actual compliance is calculated and the experimental load-displacement curve is

corrected in order to make it compatible with Luethi- and Kerans model, which do not

consider specimen compliance.

Initial debonding is found b\ calculating the first derivate of the load displacement
curve. The derivative is increasing up to initial debonding where the additional relative

displacement between fiber and matrix leads to a decrease of the derivative. Therefore,

maximum slope of the load displacement curve (figure 7.11, A) defines debonding start.

In practice it was found that calculated and experimentally observed Deb,,,, (see

figure 7.2) correlated well.

Up to debonding start, load-displacement data are used to calculate specimen com¬

pliance. The program offers the option to perform a linear or a parabolic fit (fig. 7.11, B).
In most cases, displacement up to debonding was found to be a parabolic function of the

applied load. The left border of the section, where compliance is determined (see

i:i
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figure 7.11), is adapted to the individual push-out experiments in order to cover a repre¬

sentative part of the load-displacement data before debonding start.

The section after Debinl is used to extract interfacial properties. Kerans and

Luethi's model are fitted to the experimental values of this section after compliance cor¬

rection (see figure 7.12).
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Figure 7 If- Tvo sections are defined tn This step' Lp To debonding start (cleb„n), load-

displacement data is used to calculate specimen compliance. The models

(Kerans
'

or I uethi 's) are fitted to the compliance corrected experimental values

after Debtn, (fig 7 12) in the sa and section A first derivative ofthe load-

displacement curve B linear or parabolic fit ofthe specimen compliance

7.2.4. Interactive window 111: Calculate

This is the main part of the program. The L uethi and Kerans model are fitted to the com¬

pliance corrected experimental data by applvmg a direct multidimensional search algo¬
rithm (fig. 7.12). The actual fitting is performed by adjusting the free interfacial

parameters I" (page 107), t0^uö"c] (page 108). uk (page 108) and n (page 109) in order to

find the best possible fit between modeled and experimental data. As a measure for the

quality of the fit, a nondimensional residuum was defined. Load and displacement were

normalized with maximum force and displacement. For each modeled point of the curve

the next closest point of the experimental curve was found. The nondimensional distance

between these two points multiplied with the distance between the modeled point and its

proceeding neighbor became the partial residuum. The sum of the partial residuum for

each modeled point was defined as the total residuum. 1o minimize the total residuum,

the Powell method [185] was chosen. It is an efficient method for finding the minimum

of a function of n variables. Being a direct method, it has the major advantage that no
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gradient of the total residuum needs to be computed. The algorithm requires n+l main-

and lA I subiterations. Each iteration was performed 5 times. The search algorithm along

a single axis of the parametric space was done applying the Fibonacci (golden mean)

method 11 times per iteration. In total, a model is executed 275 times to accomplish an

entire fit. In the interactive window the residuum reached after fitting the models to

experimental data is indicated (fig. 7.12). 'fhe automated search algorithm should be

repeated until the residuum cannot be further reduced by additional runs.
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Figure 7.12: The main part of the program i s to fit luethi's and Kerans model to experimental

data. The total residuum, i e the parameter describing deviations between

models and experimental delta, is minimized by applying a multidimensional

search algorithm after Powell f 1 S5f

The automated fitting process can be influenced by se\en different options. The first four-

options individually freeze the free parameters, i.e. block their degree of freedom. The

other three options concern weighting of the partial residuum. Depending on the type of

push-out experiment, it was found that total residuum can be further reduced by choos¬

ing one or more of the follow ing options:

• fit below FmdX: Modeled points above maximum experimental load are penalized by

multiplying their partial residuum with factor 5.

• ignore gap: The largest displacement gap of the experimental load-displacement curve

is ignored in the fitting process. This option is of adxantage when investigating brittle

materials with considerable load drops.
• emphasize begin: The first 30 points of the modeled cur\ e are weighted 20 times. This

option helps to reduce the total residuum if the major part of the analyzed experimen¬
tal data consists of frietional sliding.

IA
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These options can be used to simplify the fitting process. In some cases, the automated

search algorithm remains stuck in local minima. Freezing parameters or modifying

weighting of partial residuum can help to approach the absolute minimum of the total

residuum faster, flowe\ er, before running the final fit, all options should be deselected in

order to assure unbiased fitting.

7.2.5. Conclusions

The push-out analyzer developed in this work simplifies the application of either

Luethi's or Keran's energy based pushed out model considerably. An operator-indepen¬

dent, automated search algorithm enables fast and systematic fitting. It further allows a

direct comparison of results reached with Kerans' and Luethi's approach. Finally, the use

of a platform independent from programming language and publication on the internet

allows easy access and use of the push-out anah/er from anywhere using a standard

internet browser.

7.3. Effects of environmental exposure on the interfacial properties of

knitted GF reinforced PET

7.3.1. Introduction

In the previous chapters, an cnerg\ -based model and a computer program to evaluate

push-out experiments were presented. Some experimental results were discussed, but the

emphasis was kept on the concept. This chapter is focussed on experimental results,

more specifically on the effects of environmental exposure on knitted GF reinforced

PET. The conclusions drawn from the prenions two chapters were taken into account.

The push-out analyzer was used to determine the interfacial properties presented in this

chapter.

7.3.2. Materials and methods

For comparability reasons, macroscopic (4-pt bending) and microscopic (push-out) test¬

ing were performed on the same samples. Exposed push-out samples were taken from

intact areas of tested 4-pt bending specimens. Materials and processing details of the 4-pt

bending samples are gi\en in chapter 2, en\ ironmental conditions and experimental

setup are described in chapter 6.2.

The samples were immersed in IAO at 90°C for 7 and 14 days, respectively. Mass

gain was measured in function of the exposure time (see figure 6.2). After exposure, the

4-pt bending test was performed as described in chapter 6. Push-out samples were cut

from the tested specimens b> diamond saw. at least 5 mm away from borders in order to
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avoid side effects Samples weie grounded and stored m an at loom tempeiatuie until

push-out testing

Push-out expet nnents were petloimed snmlai ly to chapter 7 1 2 with the exception

of two parameteis sample täte was mcieased to 8 Hz (instead of 4 Hz) and mdendatoi

speed was slightly teduced to 0 19 um/s (instead ol 0 24 pm/s) In addition, push-back

expet nnents with similai expeimiental paiameteis weie earned out by fuming the sam¬

ples and loading the pushed out fibers fiom the back of the specimen This was done to

contiol the validity ol the push-out expenments and to acqune a second value loi hbet

friction Two mdcntois with diffeient dimensions weie used (see table 7 7) fhe advan¬

tage of the mdentoi with the more acute angle of centei was that fibets could be pushed
fuithci thiough the composite An o\ei\iew oi a push-out sample fiom top and fiom

back is given in figuie 7 13

Figui e 7 H Vicxx on top (a) and back side (b) of a knitted GE i emfoi ccd PET push-out

sample ill pushed fibei s in this image Mae pushed out Mithin the same fibei

bundle Push-back expenments y\ac pa formed to obtain a second value foi

fibei fiction and to conti ol the xaliditx ofpush-out expei nnents

Sample thicknesses, numbei of pushed-out and pushed-back fibeis ate summattzed m

table 7 7 Push-out tests weie consideied imalid when fibei bieakage and/oi damage of

the suiioundmg composite occuned
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7 Intelfacial pi operlies of KFRCs

Exposure
tunc |days]

indentor:

angle of center [°]/
diameter [um]

specimen number of

thick- fibers

ness [uni] pushed out

number of

fibers

pushed back

number ol

valid

expenments

unexposed 60 n 1 8s 18 16 11

unexposed 4s 6 0 68 24 21 14

7 4s 6 0 180 22 12 12

14 4S 6 0 19S 17 14 13

Table 7 7 Sample and expa intentaiparame te i s of push-out experiments on unexjtosed and

ennionmentalh exposed knitted Gl icinfoieed PET Tests involving broken fibers

and/oi damage of the sut i oundtng c ompostte were considered un alid and ilia efore

yvete not evaluated

7.3.3. Results

Load displacement curves

Significant differences m load-displacement beha\ tor of unexposed and exposed

GF/PFT were found. After reaching maximum foice, a distinctive load drop followed by

a steady friction level was observed m push-out tests with exposed samples Two îepre-

sentative load-displacement curves of unexposed and exposed GF/PET are presented m

figure 7 14 In both, unexposed and exposed samples, debonding start (Fdcd, ,ni) occurred

between I 5 and 2 N, whereas debonding was completed at significant lowei load levels

(Fdeb aid) m exposed samples

b)

2 4 6 8 10

displacement [urn]

03

6

GF/PET

2 weeks

H20, 90°C

0 2 4

displacement [urn]

10 12

Figure 714 Load-displacement beben ioi of unexposed (a) and exposed (b) knitted GF

remfoi eed PEI Debonding stat t (Tdl_j, mi) occui i eel betu een 1 5 and 2 N m all

samples y\ ha cas debonding it as c ompleted at significant lower load levels

(^deb eiuf "' e'\pose\l sample > Load eh ops and steady faction levels were

obsei x eel exclusix eh m exposed GI PLI
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7. Interfacial piopeities ofKFRCs

Load drops in push-out experiments are indications for low friction resistance. In

exposed samples, a major part ofthe elastic energy stored in the surrounding composite

was released instantly after completed debonding. This relative displacement between

fiber and matrix becomes perceptible after compliance correction ofthe load displace¬

ment curves. No load drops were obsened in experiments with unexposed samples.

Maximum interfacial stress adch reached m exposed GF/PET was significantly

lower than in unexposed samples. Maximum interfacial stress corresponds to o~dcbend,

i.e. maximum load divided by interface surlace (see equation 47). In first approximation,

Gdeb,endcan ^c considered as interface debonding strength [181]. Interfacial stress vs.

compliance corrected displacement data of unexposed and exposed GF/PET samples is

shown in figure 7.1 5.

Figure 7 15

Interface stress plotted

vs compliance

corrected displacement

ofunexposed and

exposed GF'PET A

significant decrease of

maximum interfacial

stress and friction xvas

observed as a

consequence of

immersion in yvater

0 1 2 3 4 5 6
cd çq°(P

displacement [urn]

The observed changes in load-displacement indicated not only decreasing interfacial

properties, but also different interfacial failure beha\ tor as a consequence ofthe expo¬

sure. Therefore, a microscopic investigation ofthe failure behavior by means of SEM

and a systematic analysis ofthe interfacial properties was performed.

Microscopicfailure behavior

Front- and backside specimen surface of push-out samples were studied using SEM to

evaluate microscopic failure ofthe fiber matrix interface. Significant different interface

failure was observed in unexposed and exposed samples (fig. 7.16 and 7.17).
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7. Interfacial properties ofKFRCs

Figure 7.16: Fibers pushed out ofknitted GF reinforced PET. The surrounding matrix in

unexposed samples revealed strong plastic deformation (a). After 2 weeks of

exposure in water at 90°C, a more brittle failure behavior ofthe interface was

observed (If).

After push-out, the samples were turned to study the pushed-out fiber surfaces and to

perform push-back experiments. The more plastic interface failure behavior of unex¬

posed GF/PET could be confirmed on the backside specimen surface (fig. 7.17).

Figure 7.17: Pushed-out fibers on the backside specimens surface. In approximately 50% of

unexposed samples, fibers yvere found to be covered by a polymeric

interphase (a), whereas brittle interface failure and matrix free fiber surfaces

yvere observed in exposed GF/PET (b). The fiber itselfdid not exhibit

characteristics ofdegradation (b).

A polymeric interphase was observed, adhering on fhe fiber surfaces of approximately
50% ofthe unexposed samples, whereas brittle interfiice failure and matrix free fiber sur-
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7 Interfacial properties ofKIRCs

faces were found m exposed samples. The fiber itself did not exhibit characteristics of

degradation Ihis is in accordance with the macroscopic fracture surfaces of exposed

GF/PET samples (see figure 6 11).

The existence of an interphase explains the high friction level found for unexposed

GF/PLI The friction measured in this samples cannot be considered as interfacial fric¬

tion but rather as friction between polymeric interphase adhering to the fibei and sur¬

rounding polymer

Push-back experiments

Push-back experiments were carried out to obtain a second value for interfacial faction.

This was of particular importance because of the existence of an interphase observed on

pushed out fibers in unexposed samples Load-displacement curves of two push-back

tests performed on unexposed G F PEl are shown m figure 7.18. The characteristics

determined for fibers pushed furthei thiough the composite (-15 pm) differed much

from those of only partially pushed-out fibeis (- 5 urn)
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Elgin e 7 18 Push-bae k expet intents on unexposed GF PI T samples Fibers pushed-out only

pattialh Ai" uni ta)> shoyxed different push-back characteristics than fibers

pushed appi oxtmateh 15 urn tin ough the composite (b) When fiber a) was

pushed bac k load continuously me > eased u ithoiif i caching a friction level while

fiber b) shoved a mote typical push-back beben mi with a faction stress level

and a distme tn e load peak u he n it it as pushed tin ough its oi igmal position
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7. Interfacial properües ofKFRCs

Fibers that were pushed out only approximately 5 pm out ofthe composite, showed con¬

tinuously increasing load in push-back experiments (fig. 7.18, a). This load-displacement
behavior indicated plastic deformation ofthe interphase. In approximately 50% ofthe

cases, fibers that were pushed-out 15 um and more (fig. 7.18, b) revealed steady friction

levels and a typical load peak when the fibers were pushed through their original posi¬
tion. It is assumed that in these cases the interphase was debonded from the fiber and/or

from the surrounding matrix because elongation at break ofthe interphases was

exceeded in the preceding push-out tests. The friction Tfnc determined in these push-back

experiments is assumed to be caused by interfacial friction and/or friction between inter¬

phase and surrounding matrix.

Interfacial friction rhw, was determined according to equation 48 at the displace¬
ment at which the fiber slipped through its original position (fig. 7.18, b). In push-back

experiments without this characteristic behavior, observed with partially pushed-out
fibers (fig. 7.18, a), friction was calculated at the displacement where the original fiber

position was supposed to be. The original fiber position could be determined by visual

observation during push-back and b\ the displacement covered in the corresponding

push-out experiment. The high friction \ allies determined for these partially pushed-out

fibers are assumed to be caused by plastic deformation ofthe interphase adhering on

fibers of unexposed GT:/PET samples.
Interfacial friction Tp.ic, determined in push-back experiments of unexposed and

exposed samples is presented in table 7.8.

push-back
unexposed (a) unexposed (b)

(pushed-out ~ 5 urn) (pushed-out - 15 u.m)

exposed

( I week)

exposed

(2 weeks) 1

Tfnc [MPal 31.3 =t 2.7 1 13.3:. 1 5 6.1 ±0.5 1.2 ±0.5

Table 7 8: Interface friction determined in push-back experiments.A significant decrease as a

function of exposure tune vas observed The high values determined in push-back

experiments ofpartially pushed-out fibers fa) are related yvith a polymeric inter¬

phase adhering to the fiber surface (fig ~> 18, a)

For the reasons mentioned abo\ e, it is assumed that the value found for partially pushed-
out fibers cannot be considered as interfacial friction and are rather related to a polymeric

interphase. The other results, associated with interfacial friction, were found to signifi¬

cantly decrease in function ofthe exposure time.

Interfacial properties determined with energy based models

Push-out experiments were evaluated using the push-out analyzer presented in

chapter 7.2. Kerans' and Luethi's models were fitted to the measured load-displacement
data. Results found for unexposed and exposed samples are summarized in table 7.9.
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7. Interfacial properties of KFRCs

exposure

time [days]

surface fracture
2

energy T [J/m ]

friction

t0±ugc, |\IPa|

crack

length nr/d [ ]

Poisson com¬

ponent uk l J

Luethi

unexposed 13.1 =l 2.1 s9 5-24 0 86 ± 0.03 0.005 ± 0.005

7
/ 11.9+2.1 6

-1
- 1 0 0.57 ±0.17 0.003 -4 0.002

14 15.3 ± 2 7 M xi 8 0.79 ±0.12 0 006 ± 0 003

Kerans

unexposed 14 8 a 3 1 Ad-A 2 0.64 ±0.07 0 005 = 0 002

14

14.1 ±2.9 6 0 - 0 9 0.47 t 0.15 0 008 ± 0 003

14.6 ±3.2 4 9 15 0.81 ±0.06 0 011 A 0 006

Table 7 9 Interfacial properties evaluated from push-out experiments using Luethi V and Ker¬

ans 'energy based models Surface fracture energy Fetid not vary significantly,
whereas an important decrease of interfacial friction Tq-\ pcrcj was found The dif¬

ferences between the two models remained xntlun standard deviation.

In accordance with the parametric study (figure 7.8), Poisson component uk could not be

determined accurately by the energy-based models, because it has almost no influence on

any point ofthe load-displacement curve. Standard deviations up to 100% were found.

For this reason and because uk is of small importance for the total interfacial properties,
it will not be further considered.

Crack length from back //, is influenced by experimental parameters like specimen

thickness, as discussed in chapter 7.1.4. Since specimen thicknesses were different for

exposed and unexposed samples and because n is not an interface property, it will not be

subjected to discussion.

7.3.4. Discussion

Surface fracture energy. Results found for F rexealed no significant influence ofthe

exposure. Debonding start {Fjj-, ,m). the parameter that mostly influences F, occurred at

the same load levels for all samples. However, surface fracture energies determined with

the push-out analyzer were found to be approximately 2.5 times higher than the values

found in chapter 7.1.4. The mam reason for this difference is the evaluation of interface

properties using the push-out analyzer (chapter 7.2). In chapter 7.1.4, debonding start

was determined manually, i.e. fitting the models to experimental data without mathemat¬

ical criterions. In contrast, determination of debonding start by means ofthe push-out

analyzer is automatically performed by calculating maximum slope ofthe load-displace¬
ment curve (see chapter 7.2.3), therefore providing more reliable results.
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7. Interfacial pi ope i lie s of KFRCs

Friction. As determined with Luethi's and Kerans' model, interfacial friction after

1 week in FI20 at 90°C was reduced to approximately 10% ofthe value (bund m unex¬

posed GF/PET. However, investigation ofthe backside specimen surface and push-back

experiments led to the conclusion that the high friction values determined in unexposed

GF/PET were related to deformation of an interphase, observed on the fiber surfaces of

pushed-out fibers. This interphase was observed only in unexposed GF/PET. In push-

back experiments revealing a steady friction level, friction of 13.3 ±1.5 MPa was deter¬

mined. This value can be related to actual friction, however, it remains unclear if it was

caused by friction between fiber and interphase, interphase and surrounding matrix or

both.

Interface debonding strength and correlation with macroscopic properties. Maxi¬

mum interlace stress in push-out experiments is reached when debonding is completed.

The corresponding value crdeh cnd was defined m equation 47 and corresponds to a first

approximation of an interface debonding strength [I81|. The interface debonding

strength in function of exposure time is plotted in figure 7.19. The macroscopical 4-pt

bending strength (chapter 6.3.3). determined previously with the specimens from which

the push-out samples were taken, is shown in the same figure.

Figure 7 19

Microscopical interface debonding

strength and macroscopical

bending strength of knitted GF

reinforced PET, determined in

push-out experiments and 4-pt

testing, respectively A signifie ant

reduction of the properties it ith

increasing exposure tune yvas

observed Their relative decrease

was found to be approximately

similar

The microscopical interface debonding strength exhibits the same relative reduction in

function of exposure time than the macroscopical 4-pt bending strength. As described in

chapter 6, the exposure of knitted GF reinforced PE T to water at 9(AC causes a reduction

of matrix properties, fhe fact that the interface debonding strength was also found to

decrease, is coherent with the SEM analysis of exposed 4-pt bending (fig. 6.11) and

impact specimens (fig. 6.13), w Inch suggested that the degradation of matrix was accom¬

panied by a degradation ofthe fiber matrix interface.

The similar relative decrease of interface debonding strength and macroscopic

bending strength, caused by matrix and fiber matrix degradation, can be understood with

respect to the structure of KFRCs. fhe knitted fiber bundles can be modeled as straight
and curved beams, as proposed by de Haan [46]. A weakness of either the matrix or the
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7. Interfacial properties ofKFRCs

interface reduces the strength ofthe fiber bundles in the intermeshing area and conse¬

quently ofthe complete structure. Defects in the intermeshing area were indicated by de

Haan as strength reducing factors ofthe macroscopic structure. Therefore, interface and

matrix strength is assumed to be correlated with the macroscopical strength of KFRCs.

This is in accordance with the data presented in figure 7.19.

7.3.5. Conclusions

The environmental exposure of knitted GF reinforced PET in II20 at 90°C revealed sig¬

nificant effects on interfacial properties determined by push-out and push-back experi¬

ments.

Interface failure behavior of unexposed GF PET was dominated by deformation

and debonding of polymeric interphase adhering on the glass fibers. This interphase

could be a result of transcrystalline growth of PET on glass fibers during processing of

the composite. Interfacial bonding strength ofthe interphase was apparently higher on

glass fibers than its shear strength with respect to the surrounding PET matrix. In order to

completely debond glass fibers from the surrounding composite, fibers had to be pushed-

out more than 10 pm out ofthe composite. However, it remains unclear weather inter¬

face friction determined after completed debonding ofthe interphase is related to friction

between fiber and interphase, interphase and surrounding matrix or both.

After exposure in HiO at 90° interface failure was observed to be more brittle. In

contrast to unexposed samples, an interphase adhering on the fibers pushed out ofthe

composite was not observed. Experimental load-displacement curves of exposed sam¬

ples revealed load drops which indicate reduced fiber friction. This effect became more

pronounced with increasing exposure time. In contrast to friction, surface fracture energy

F did not change as a consequence of environmental exposure. F is defined by the fiber

debonding process and does not include frietional sliding. Results suggest that in both,

unexposed and exposed GF/PET, it takes the same amount of energy to introduce a crack

between fiber and surrounding matrix. However, in exposed samples significantly less

energy is needed to push the fiber through the composite once interface bonding is

destroyed.

The first approximation of interface debonding strength, i.e. maximum interlace

stress <A/t>/,itw/w<as significantly reduced as a consequence of exposure. The relative

decrease of interfiice debonding strength was found to be similar than the relative reduc¬

tion ofthe macroscopic 4-pt bending strength. This was attributed to a strength reducing
effect of matrix and interface degradation on the macroscopical properties of KFRCs.
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8. Final conclusions

In the present study, micro- and macromechanical properties of plain weft-knitted fabric

reinforced composites (KFRCs) were investigated. Two fiber/matrix combinations were

chosen, focussing different application scopes: Knitted carbon fiber (CF) reinforced

poly(ether-ether-ketone) is of interest for biomedical and aerospace applications because

of its high mechanical properties and enhanced environmental resistance, whereas knit¬

ted glass fiber (GF) reinforced poly(cthylene-terephtalate) is considered for the automo¬

tive industry because of a competitive price combined with appropriate mechanical

properties.

The effect of environmental degradation of CF/PEEK and GF/PET knits on

mechanical properties was covered with respect to potential applications. Fong-tcrm

exposure at elevated temperatures in simulated body fluid (SBF) and water was investi¬

gated. Correlations between micro- and macromechanical failure behavior were

addressed to further increase the understanding of KFRCs.

Structure. The fiber bundles in CF reinforced PEEK panel were analyzed by recon¬

structing 2D polished sections to a 3D structure. It was found that the cross section of

fiber bundles is not circular. The pressure applied throughout consolidation flattens the

fiber bundles, resulting in a more elliptic shape ofthe bundle cross section. The ratio of

bundle width to height was observed to increase from bulk to surface layer ofthe com¬

posite panel. The bundle geometry is considered crucial for the mechanical properties of

KFRCs. The analysis ofthe 3D structure served as input for a mechanical model,

described in [46].

The individual knit layers were found to be highly interpenetrated. In a panel con¬

sisting of 8 layers, single layers located in the bulk and surface were spread over 80%

and 50%) ofthe panel thickness, respectively. It is assumed that interpénétration is more

effective in structure with large loops, as studied in this work. The high degree of inter-

penetration leads to increased delamination resistance.

Failure behavior. The failure behav tor of KFRCs was investigated by thermography,

compact tension, 4-pt bending and falling weight impact testing. Linear fracture mechan¬

ics was applied to assess out-of-plane energy release rates GTC and fracture toughness

KIC of knitted CF reinforced PEEK in mode 1. The resulting damage zones and fracture

surfaces were analyzed by SEM. fhe following conclusions can be drawn:

• Fiber bundles play a crucial role in the failure behavior of KFRCs. In systems with

high interface bonding (CF/PEEK), fiber bundles released from their environment

were the smallest units observed in a damage zone resulting from compact tension,

4-pt bending and impact testing. The released bundles are compact and exhibit short

fiber pull out lengths. Lower fiber/matrix interface strength (GF/PET) leads to higher

pull-out lengths and to fibers released from bundles.
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• Out-of-plane crack growth in wale and course direction of CF/PEEK knits is stable on

a macroscopic scale, whereas it is unstable between two crack propagation steps. The

crack propagation steps are controlled by fiber bundles, oriented perpendicular to the

crack growth direction (pinning bundles). The fracture path follows the bundle/matrix

interface of fiber bundles oriented in crack growth direction (guiding bundles). At

locations with a high density of pinning bundles, crack propagation is stopped and

reinitiated when a critical tensile load is reached, leading to tensile failure ofthe pin¬

ning bundles.

• The out-of-plane energy release rates G]C- and fracture toughness Kjc of CF/PEEK

knits are high in comparison to other composite materials. K1C is related with the den¬

sity of pinning bundles and, therefore, is significantly higher for crack growth in

course, when load is applied in wale ((A testing).
• Interlaminar failure of KFRCs is assumed to be strongly inhibited by the pronounced

interpénétration of knit layers. It was shown that interlaminar fracture, caused by high

shear stresses in perforation impact, did not propagate in between knit layers. There¬

fore, delamination is not considered to be a limiting aspect as it is in other composite

systems.

• Failure characteristics in perforation impact is dependent on fiber/matrix interface

strength, matrix toughness and stiffness ofthe KFRC. High energy dissipation and late

damage initiation were observed for knitted GF reinforced amorphous PET. The

amount of dissipated energy is related to the total fracture surface area consisting of

released fibers and/or released fiber bundles.

• Fiber/matrix interface failure in knitted GF reinforced PET was investigated using the

push-out method. Ductile failure ofthe interface was observed when glass fibers were

pushed-out ofthe PET matrix. Surfaces of pushed-out fibers were found to be covered

by a polymeric interphase from which it is concluded that the fiber/matrix interface

exhibits a higher shear strength than the interphase.
• The failure behav ior of environmentally degraded GF/PET knits was dominated by an

embrittlemcnt ofthe matrix and reduced interface and matrix strength, 'fhe observed

reduction of 4-pt bending modulus in exposed GF/PET is attributed to early failure of

matrix and interface, significantly before the ultimate bending stress is reached. Con¬

cerning impact failure, the reduced interface and matrix properties lead to an increased

total fracture surface an a larger damage zone in comparison with unexposed GF/PET.

Environmental degradation. The effects of hygrothermal exposure on the mechani¬

cal properties of KFRCs was investigated with respect to their environments in potential

applications. Samples were immersed in water and simulated body fluid (SBF) at 37, 60

and 90°C for exposure times up to 50 weeks.

Knitted CF reinforced PEEK exhibits excellent environmental stability. From liter¬

ature, it is known that hygrothermal exposure of some CF/PEEK composites caused a

significant decrease of properties which are dominated by matrix and interface. In the

presented work, no significant effect of longterm exposure on fracture toughness, hex-
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ural and impact properties of CF/PEEK knits was found. It is concluded that the studied

material, therefore, is highly appropriate for load-bearing implants.

In contrast to the outstanding environmental resistance of CF/PEEK. knitted GF

reinforced PET was found to be considerably affected by hygrothermal exposure. After

one and two weeks of exposure to water at 9()°C, a reduction of bending strength to 50

and 35% ofthe initial value was determined, respectively. Dissipated energy and peak

force in perforation impact decreased. The lower properties are attributed to a severe

degradation ofthe PET matrix by hydrolvsis. Matrix degradation is accompanied by a

decrease of interface debonding strength which was shown in push-out experiments. A

relation between the reduction of interface debonding strength and 4-pt bending strength

was found. The observed correlation led to the assumption that weakness of cither the

matrix or the interface reduces the strength ofthe fiber bundle in the intermeshing area

and consequently ofthe complete structure. This is in accordance with de Haan, who

indicated defects in the intermesh as strength reducing factors ofthe macroscopic struc¬

ture by [46].

With respect to automotive applications, the environmental sensitivity of GF/PET

has to be addressed by avoiding moisture contact. Even though the hydrolysis of PET is

slower at lower temperatures, the temperatures at which cars are regularly exposed to are

relatively high (e.g. during insolation). Considering a 50% reduction of bending proper¬

ties, determined after one week in water at 90°C, it has to be expected that over the life

time of a car. moisture and service temperatures would cause degradation effects strong

enough to reduce the performance of GF PET to a critical level.

Outlook. It has been shown that KFRCs are versatile materials which exhibit damage
tolerant failure behavior. Because ofthe variety of knit structures and the possibility to

combine almost any fiber/matrix material, Kf RCs hav e a high potential in various appli¬
cation fields.

Knitted fabrics, as biomaterials. can adopt load-bearing functions when used as

reinforcement of biocompatible, high performance polymers, e.g. PEEK. Another cur¬

rently investigated option is the application of knitted textiles in tissue engineering. The

high specific surface area and the open structure of knitted yarns are assumed to enable

in-growing tissue. By using elastomeric biodegradable matrices, KFRCs with low stiff¬

ness and high elongation at break can be reached, thus approaching the properties of soft

tissues.

A topic of further research is the '"missing link" between the loop geometry in the

textile fabric or prepreg sheets and the loop geometry in the final part. The need to pre¬

dict the local reinforcement structure in applications can be approached with analysis
and modeling ofthe loop deformation upon processing and shaping.
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List of abbreviations and symbols

Abbreviations

CF carbon fibers G F glass fibers

CFRP carbon fiber reinforced 1DSS interface debonding shear

polymer stress

CLSM confocal laser scanning IR infrared

microscopy KFRC knitted fabric reinforced

CT compact tension composite
DL double layer PEEK poly(ether-ether-ketone)
FEM finite element method PET polyfethv lene-terephtalate)
FRC fiber reinforced composite SBF simulated body fluid

FRP fiber reinforced polymer UD unidirectional

Symbols

a linear thermal expansion adeb interface stress

coefficient ®i radial fiber stresses

Ô fiber displacement A) fiber friction caused by
c strain asperity interactions

r surface fracture energy Aleb interface debonding shear

X compliance stress

\i friction coefficient AllL interface friction shear stress

V Poisson coefficient

°cl thermal induced clamping
stress

a crack length "-tot total dissipated energy

Aa crack growth Fpeak peak force

Debcnd fiber debonding end 0,2 shear modulus

Debmi fiber debonding initiation GTC energy release rate

DI ductility index K]C fracture toughness
E Young's (elastic) modulus P probability of failure

H* effective modulus R charclenstical strength
Akciack energy released m crack s fiber slippage

growth Aa *Alebondinti debonding energy

Amt initiation energy '-Auction
friction energy

F
l'piop propagation energy VF fiber volume content
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