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Objective 

The objective of this study was to investigate the influence of fibre surface treatment on the 
failure process of single filament model composites. 



Summary 

Single filament model composites were used to investigate the failure mechanism in fibre 
reinforced materials. Debonding and plastically yielding of the matrix were the most important 
failure phenomena. To study the influence of the interfacial shear strength on the failure 
mechanism, carbon fibres with different levels of oxidative surface treatment were used. This 
treatment improves adhesion between fibre and matrix. The result of this adhesion 
improvement is that the fragment lengths become shorter. 

To quantify the adhesion improvement between fibre and matrix, the maximum interfacial 
shear strength was calculated. There are three models available, which all required the 
determination of the fibre strength dependency on the gauge length. This is done with the 
single filament tensile test. This statistical length dependency is described with the Weibull 
theory. 

The distribution of the fibre fragment lengths can be satisfactorily described with the Gamma 
distribution. With the from this distribution deduced critical fibre length and the Weibull 
description, the fibre strength at the critical length was determined. 

By observing the fragmentation process, it turned out that none of the models give a 
physically correct description of the process. The process involves debonding at the fibre tip 
and plastical deformation of the matrix adjacent to the debonded zone. Values for the 
interfacial shear strength determined with these models should therefore be treated with care. 



Samenvatting 

Model composieten met een enkele koolstof vezel ingebed in een epoxy matrix zijn gebruikt 
om het bezwijkgedrag van vezel versterkte composieten te onderzoeken. Debonding en het 
plastisch vervormen van de matrix waren de belangrijkste bezwijk verschijnselen. Om de 
invloed van de afschuifsterkte van de interface op het bezwijkmechanisme te onderzoeken, 
zijn er koolstof vezels gebruikt met diverse gradaties van oxydatieve oppervlakte behandeling. 
Deze oppervlakte behandeling verbetert de hechting tussen de vezel en de matrix. Het gevolg 
van deze verbeterde hechting is dat de lengtes van de gefragmenteerde vezel korter worden. 

Om deze verbetering in hechting te kwantificeren, is de maximale interface afschuifsterkte 
berekend. Hiervoor zijn drie modellen beschikbaar, die allen het bepalen van de lengte 
afhankelijkheid van de vezelsterkte vereisen. Dit is gedaan met trekproeven aan een filament 
bij verschillende lengten. Deze statistische lengte afhankelijkheid is beschreven met de 
Weibull theorie. 

De distributie van de lengten van de gefragmenteerde vezel kan goed beschreven worden met 
de Gamma distributie. Met de hieruit afgeleide critische vezellengte en de Weibull 
beschrijving is de vezelsterkte bij de critische lengte bepaald. 

Het observeren van het fragmentatie proces maakt duidelijk dat geen van de modellen een 
fysisch juiste benadering geeft van het proces. De fragmentatie gaat gepaard met debonding 
bij de vezeluiteinden en aansluitend plastische deformatie van de matrix. Waarden voor de 
interfacesterkte die met deze modellen zijn berekend, moeten daarom met enige 
voorzichtigheid worden beschouwd. 
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1. Introduction 

Fibre reinforced composite materials are frequently used in high performance applications. 
For example in the aircraft and the aerospace technique, where stiff light-weight constructions 
are a necessity, composite materials have been successfully applicated since several decades. 
Now, mass production industries as the automotive industry produce more and more parts out 
of fibre reinforced materials. 

The complex design of composites structures cause some problems at the calculation of the 
mechanical behaviour. At none damage loading conditions the laminate theory can be used, 
but there is still a lot of empiricism in choosing the right combination of construction 
materials. Due to the insufficient fundamental knowledge of the failure process in fibre 
reinforced materials, many research is done on for example transverse strength and impact 
behaviour. The objective of this study is to predict the strength of laminates by gaining a 
deeper understanding of the failure process. This means that one has to take the interface into 
consideration. For the interface transmits the load from the matrix to the fibre when the 
composite is loaded. When a composite with a low-strength interface, i.e. a poor adhesion 
between matrix and fibre, is loaded energy absorbing phenomena like debonding and pull-out 
will be observed. A composite with a high strength interface on the contrary, will not show 
these effects and will break in a brittle way at a significantly higher stress leveL So by 
varying the strength of the interface, a composite can be strong though brittle, or not so strong 
but damage tolerant. Therefore, research is started at the basis of composites; one single 
filament in a matrix. With this method the interfacial behaviour can be studied. 

There are several experimental methods to measure the interface strength: (i) the fibre pull-out 
technique, (ii) the fibre indentation technique and (iii) the fibre fragmentation technique [1]. 
However, there is no standardization of the test methods nor is there any consensus about the 
deduction of the interface strength from the experimental data. In this study the fragmentation 
technique is chosen to investigate the fibre-matrix interface, for it is found to be a method 
which provides fundamental insight into the failure mode necessary for understanding the role 
of adhesion on mechanical properties as well as valuable measurement tool for quantifying 
the fibre-matrix adhesion [1,2]. 

In future, research will be continued with multiple filament model composites to investigate 
the interaction of the fibres. 

The theoretical aspects of fibre fragmentation in model composites and the statistical strength 
distribution of carbon fibre will be discussed in Chapter 2. The experimental plan of this 
study will be shown in Chapter 3. Then, the fibre parameters which are required for the 
calculation of interfacial shear strength, are determined in Chapter 4. In Chapter 5 the failure 
process in single filament composites will be discussed. Finally, in Chapter 6 it is evaluated 
how the gained insight in the fragmentation process can be used to determine the interfacial 
shear strength. 
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2. Theoretical aspects of fibre fragmentation 

In this section, fIrst some basic models for stress build-up in single fIlament composites will 
be discussed. It will be shown that for the calculation of the interfacial shear stress, the 
relation between the fibre strength and the fIbre length has to be determined. Therefore, 
secondly, the physical background of this mechanical behaviour of the fibres will be discussed 
as well as a statistical method to describe it. 

2.1. Stress build-up models 

In the fIbre fragmentation technique, a dog bone shape epoxy tensile bar containing one single 
fibre is exposed tq a uni-axial load. The stress is transferred to the fibre through the fibre -
matrix interface. At a suffIciently high stress, °1, fIbre fracture occurs at its' weakest point, 
i.e. weakest flaw [see fIgure 1]. When the coupon stress is increased further. more fractures 
occur, resulting in a continuous decrease of the fibre fragment length. 

Figure 1: Schematic illustration of the fragmentation process. The stress profiles along 
the fibre a.r:is are shown 
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This process is stopped, when the fibre length becomes insufficient to support enough shear 
to reach the failure stress of the fibre. The maximum fibre fragment length at which no more 
ruptures occur, is called the critical fibre length, Ie. In practice, when the fragmentation 
process is saturated, the fibre fragments have a certain length distribution. 

The critical fibre length can be used to calculate the maximum interfacial shear stress. There 
are basically two models to describe the load-transfer from the matrix to the fibre through the 
interface. The main difference between these basic models lies in the assumption for the 
mechanical behaviour of the matrix. The Cox model assumes both matrix and fibre in elastic 
state, whereas the Kelly-Tyson model assumes a plastical deforming matrix [3,4]. A third 
model is given by Piggott, which is a combination of the two basic models [5]. 

The calculation of the maximum interfacial shear stress according to the three models will 
now be discussed. 

Firstly, the Cox model assumes both fibre and matrix in elastic state and a perfect bond 
between fibre and matrix. Furthermore, the following major assumptions were made, (i) the 
load transfer from the matrix to the fibre depends on the difference between the actual 
displacement of a point on the fibre-matrix interface, at a distance x from the fibre end, and 
the displacement of the matrix at the same point if the matrix were absent, (ii) there is no 
load transfer through the ends of the fibre, (iii) the near surroundings of the fibre is of a 
cylindrical shape [3, 6, 7]. The stress and shear stress build-up according to the Cox model 
is shown in Figure 2a. The maximum interfacial shear stress of a fibre with critical length le 
and diameter d calculated by the Cox model is given by 

l' x=O l "" (1 l d sinhPClJ2) 1 
mox( 'C> 4 coshP(lj2)-1 :j c> 

(1) 

where uPe> = ut ,max(x=lj2), representing the critical tensile strength of the fibre at the critical 
fibre length and B is given by 

(2) 

where Ef and Em are the elastic moduli of the fibre and the matrix, respectively, Uc the 
uniform stress applied to the composite or coupon stress, Vm the Poisson's coefficient of the 
matrix and r m is set by the volume fraction of fibres in the resin matrix. In single filament 
composites however, where only one fibre is present, it is more realistic to define r m as the 
radial distance from the fibre axis at which the matrix strain is unaffected by the fibre [8,9]. 
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Representation of the axial stress and the shear stress according to the Cox 
model 

The second model. the Kelly-Tyson model, assumes that the whole of the matrix yields 
plastically and flows past the fibre which is stretched by the shear forces acting at the fibre 
interface [4,5]. The stress and shear stress build-up according to the Kelly-Tyson model is 
shown in Figure 2b. The shear stress 't is assumed to be constant over the fibre length and 
is given by 

where again ajJe) = a!,l1UJix=Ij2), representing the critical tensile strength . 

Figure 2b: 
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A combination of these basic models is the Piggott model in which fibre-matrix debonding 
is included. It is assumed that upon straining an embedded fibre, the shear stress eventually 
reaches a critical value, '1:.t At this point either (i) the interface fails in shear, or (ii) the matrix 
yields in shear. When the stress is increased further, a region of constant shear stress forms 
at the fibre ends and propagates inward such that the shear stress at the tip of the debond 
remains at'1:t According to Piggott case (i) seems the most relevant for fibre reinforced epoxy 
composites, whereas case (ii) seems the most appropriate for metal matrices. The stress build
up in the fibre matrix debonded part, of length db' is assumed to be the responsibility of a 
constant frictional shear stress, '1:1 [5,7,16J. This frictional shear stress is caused by the thermal 
shrinkage stress, P, of the matrix and friction coefficient, J,l, and is given by 

(4) 

where '1:j is the frictional shear stress. 
The central, perfectly bonded part of the fibre is assumed to be in an elastical state, similar 
to the Cox model. The stress and shear stress build-up according to the Piggott model is 
shown in Figure 2c. According to this model, the maximum shear stress occurs at a distance 
db from the fibre tip, just at the point where the fibre matrix cohesion is maintained. This 
maximum is given by 

Figure 2c: 
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From Equations 1, 3 and 5 it can be seen that for the interfacial shear stress determination, 
it is necessary to know the fibre strength at its critical length. For carbon the strength is 
dependent on the fibre length. This length dependency of the tensile strength can be 
statistically described, which will now be discussed. 

2.2. Statistical aspects of fibre strength 

In previous research it was found that the strength of carbon fibres is influenced by the 
existence of flaws. It is assumed that every volume segment of the fibre can possess a critical 
flaw of a certain strength. At a certain stress level this flaw becomes critical and will result 
in total failure of the fibre. The longer the fibre or the larger the fibre diameter, the higher 
the chance on such a critical flaw and thus the lower the fibre strength. It has been shown that 
this strength dependency can be satisfactorily described with the Weibull theory [10,11]. 

Basis of the Wei bull theory is the weakest-link modeL In this model a fibre is represented by 
a chain consisting of several links, each having a particular strength. Now, it is assumed that 
failure of the weakest link, i.e. the most serious defect, results in immediate failure of the 
total chain. The fracture is therefore of a perfectly brittle nature. 
Furthermore, it is assumed that the defects are homogeneously distributed along the filament 
and that this strength distribution is of the same form as between individual filaments of the 
bundle. 

According to the weakest-link model, the cumulative probability of failure of a single link at 
a certain stress 0', Pt(a), is coupled to the cumulative probability of failure of the whole chain, 
P(a), in the following way 

(6) 

where n is the number of links needed to describe the fibre. In other words, the probability 
of non-failure of the chain is equal to the probability of the simultaneous non-failure of all 
the links. For very large n Equation 6 can also be written as 

P(o)=l-exp[ -nP,(o)] 

Since n is proportional to the length, L, of the filament, Equation 7 can be written as 

L 
P(o)=l-exp[ --Pl(o)] 

Lo 

where Lo is a reference length equal to the link-length. 
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For the cumulative probability distribution function of the links at a stress a, P/(a), Weibull 
provided the following power-law relationship [12] 

( 
a-a ]m 

P,Ja)= -;;: (9) 

where au represents a threshold below which the failure probability is zero. as is a scaling 
parameter and m is a shape parameter known as the Weibull modulus. A high value of the 
shape parameter means that the flaw distribution is very narrow. in other words, the links are 
of similar strength. Likewise. a small value of the shape parameter means that the strength 
of the links is well spread. Combination of Equations 8 and 9 fmally gives the cumulative 
strength distribution of a fibre 

(10) 

where a o = a;Lollm, representing the new scaling parameter. In the literature Equation 5 is 
known as the three-parameter Weibull distribution (m, au, a o). This three-parameter Weibull 
distribution can be used when it is assumed that the fibre has a certain minimal strength. In 
literature au is usually taken equal to zero, resulting in the two-parameter Weibull distribution: 

(11) 

A simple method to check whether the Weibull model is applicable, is to make use of a 
rewritten form of Equation 11 

In(ln(l/(l-P(a»)=mln(a)-mln(ao>+ln(L) (12) 

If the W eibull theory is appropriate, experimental data plotted in the form of In(In( 1/( 1-P( a») 
against In(a) should give a straight line with slope m and abscissa mln(ao) + In(L). In such 
a Weibull plot the probability of failure Pj for the ith strength is estimated with the following 
estimator 

i P=
, N+J 

where N is the total number of specimens tested. 
7 
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The mean fibre strength O"w. at a certain length is given by 

(14) 

where r is the gamma function. Both the three-parameter Weibull distribution and the two
parameter Weibull distribution assume that the m and O"u are independent on the gauge length. 
It is possible to carry out an extrapolation by taking the logarithm of O"w in Equation 14 as 
follows 

(15) 

Plotting the experimental values of In(O"w) against In(L) should result in a straight line with 
slope (-11m). The fibre strength at a length Ie can now be determined by extrapolation. In 
practice this method requires the determination of the mean fibre tensile strength at a range 
of gauge lengths. 
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3. Experimental. 

In this section the used materials, the sample preparation and the testing method will be 
discussed for both the single filament tensile and the single filament fragmentation tests. 

3.1. Materials 

For the single fibre tensile test and the fragmentation test unsized intermediate modulus 
carbon fibres (Courtaulds Grafil Apollo IM-44) were used which were oxidatively surface 
treated at different levels by the manufacturer. This treatment involves a very mild degree of 
etching in combination with the creation of active sites on the fibre surface and improves 
adhesion [13,14]. The common commercial fibre treatment is known as 100%, the other 
treatment levels are named with respect to this treatment. In this study 0%, 10%, 50% and 
100% treated carbon fibres were used. 

For the fragmentation samples an epoxy system had to be selected which satisfied the 
necessary conditions for the fragmentation test: (i) the epoxy resin has to be transparent to 
be able to visually follow the fragmentation process,(li) to prevent premature fibre fracture 
the viscosity has to be low during sample preparation, (iii) for modelling considerations a 
linear stress-strain behaviour up to saturation of the fibre fragmentation process is needed, (iv) 
to minimize the influence of thermal shrinkage the curing temperature has to be low [15]. A 
system which satisfies all these requirements is a combination of a common DGEBA type 
epoxy (Ciba Geigy, LY556) and 47ppr (parts hardener per hundred parts resin) of tri
aminopoly (oxopropylene) curing agent (Texaco, Ieffamine T-403). Figure 3 shows the stress
strain behaviour of the selected epoxy. 
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Figure 3: Stress vs. strain of the used epoxy system 
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3.2. Sample preparation 

3.2.1. Single filament tensile 

The single filament samples were manufactured according to the ASTM D 3379-75 standard. 
A single filament was chosen at random from the bundle. Then it was fixed on a cardboard 
frame with fast curing epoxy glue (Bisonkit, Kombi-Snel). The frame had a rectangular slot 
which length was equal to the desired gauge length and a circular slot for measuring the fibre 
diameter with SEM. For each fibre type at least 5 different gauge lengths between 5mm and 
200mm were manufactured. About 10 single filaments were tested for each material and 
gauge length combination. 

3.2.2 Model composites 

Dogbone shape tensile bars containing one fibre were manufactured with the aid of a silicone 
rubber mould [Fig.4J. The dimensions ofthe specimens are shown in figure 5. The mould was 
provided with two grooves to put the fibre exactly in the centre of the tensile bar. 

Figure 4: Silicone mould 

-r-r 3~nun 
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Figure 5: Dimensions fragmentation sample 
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A fibre was chosen at random from the bundle and two pieces of tape were attached to both 
ends. For all samples the weight of the tape was equal (0.075g) to exclude the influence of 
different fibre pre-tension on the fragmentation test results [17]. The allocated filaments were 
fixed on the silicone mould with fast curing glue (UHU). Then, the degassed (60°C, 2Omin. 
400Torr) epoxy resin was injected carefully with a syringe. A glass plate provided with 
release coating (Hysol, Frekote) was put on the mould, followed by a weight of 3kg. The 
samples were cured for 24h at RT followed by 16h at 75°C. 

3.3 Mechanical testing 

3.3.1 Single filament tensile 

The single filament tensile tests were performed on a Frank 81565 tensile machine with a 
load cell of ION. Full load scale was IN. The parts of the cardboard frame parallel to the 
fibre were cut away after the sample was mounted in the tensile machine. According to the 
ASTM D 3379-75 standard the loading speed was such that failure occurred in about Imin 
(O.lmm/min - 2mm/min). 

3.3.2 Model composites 

The fragmentation tests were performed in two ways. First, to determine the critical fibre 
length the acoustic emission technique (Physical Acoustics Corporation, Locan AT) was used 
to ensure saturation of the fragmentation process. The fibre failure produces a pressure wave 
in the specimen which can be detected with a piezoelectric sensor. This sensor, provided with 
vacuum-grease to improve the sound transfer, was mounted at the centre of the fragmentation 
sample with a rubber ring. The acoustic emission (AE) technique is a more reliable method 
to be sure the fragfentation is saturated, as the commonly used rule that the strain to break 
of the used epoxy has to be three times the strain to break of the fibre. For detailed 
information about the acoustic emission test setup, see Appendix A. The fragmentation test 
was stopped when no more hits were detected. Mterwards, an optical microscope (Zeiss) 
equipped with polarizers was used to check the real amount of fibre failures and to measure 
the fragment lengths of the fibre. The AE test was performed on a Frank 81565 tensile 
machine with a load cell of lOkN. The loading speed for all samples was 0.2mm/min 
(0.01 %/s). 
Secondly, to determine the different failure modes in the fragmentation process, some samples 
were strained under an optical microscope (Zeiss) equipped with a small hand driven tensile 
machine. The fragmentation process was recorded by means of photographs and video. 
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4. Determination of fibre parameters 

First, to be able to detennine the fibre tensile strength at the critical fibre length. the relation 
between tensile strength and gauge length of every fibre type will be detennined. Secondly, 
the modulus will be determined. 

4.1 Length dependency of fibre strength 

A typical stress versus strain curve of carbon fibre is shown in figure 6. It showed that there 
is a linear relation between stress and strain. 

4 ~-------------------------------------------. 

carbon 
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Figure 6: Typical stress VS. strain curve of carbon fibre 

In literature it is found that the three-parameter Weibull distribution for carbon is less accurate 
than the two parameter Weibull distribution [11]. Hence, in the following the two-parameter 
distribution and the extrapolation which lead to Equation 15 will be used. 

For the two-parameter Weibull distribution, the probability of failure, pea), from every fibre 
type and gauge length can be estimated with Equation 13. With this probability of failure, 
In(ln(lf(I-P(a») was calculated and plotted against InCa). In figure 7 a Weibull plot is shown 
for 100% treated carbon at two different gauge lengths [see for other fibre types Appendix 
BJ. In this figure it can be seen that there is a linear relation which is in correspondence with 
the two-parameter Weibull theory according to Equation 7. 
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The Weibull parameters of all fibres are calculated using Equation 7 and are shown in 
Appendix C. The values of the Weibull parameters m and 0"0 vary around 5 and 10 
respectively, which were also found in literature [11]. The little difference of m between the 
different treatment levels, means that the treatment is of no influence on the strength 
distribution of the fibre. The conformity in scaling parameter 0"0 for the different treatment 
levels indicates that also the overall strength is not significant influenced by the treatment. 
For all fibre types both Weibull parameters m and Go deviated for the different gauge lengths. 
This is thought to be due to the low amount of measurements, but it is also known from 
literature at even »10 measurements [11]. Although the single gauge length Weibull 
parameters show some deviations. when the tensile strength versus gauge length is pictured 
for the treated carbon fibres on logarithmic scales the relation tends to a linear one [Fig. 8]. 
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Figure 8: Strength vs. gauge length 
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The slope of the graph is, when calculated for natural logarithmic axes, equal to -11m where 
m is, as expected, about the mean of the according Equation 7 calculated Weibull moduli. The 
slope, -11m, and the abscissa, In(aor(l+l/m), of the graph in which the fibre strength is 
plotted versus the gauge length are given in Table 1 for the different treated fibres. The lower 
values of the Weibull parameters at the 50% treatment level are due to the high strength 
measurements at lOOmm and 200mm in the single fIlament tensile test [Figure 8]. This could 
be due to a low amount of measurements, about 10 for each material gauge length 
combination or an accidentally strong batch. 

Table 1: Parameters for treated carbon fibres which describe 
length dependency of fibre strength 

11m In(aor(l+l/m) 

0% treated carbon 0.15 2.08 

10% treated carbon 0.15 2.11 

50% treated carbon 0.10 1.96 

100% treated carbon 0.16 2.02 

4.2 Tensile modulus 

The initial modulus of the fibre, Ep is also a material property which had to be determined 
for the computation of the interfacial strength, see Equation 2. 

The initial modulus of the various fibres were corrected for the system compliance [see 
appendix D]. The reason for this correction, is that the elasticity of the cardboard mounting 
tabs influences the measurement of the fibre modulus. 
As expected, the initial moduli of all fibre types did not significantly vary for the different 
gauge lengths. This can be seen for 0% treated carbon fibre in figure 9. The rather large error 
of the mean initial modulus at the shortest gauge lengths is thought to be due to the relatively 
large influence of the compliance correction at these gauge lengths. 

It was also found that the chemical treatment of the carbon fibres had no significant influence 
on the initial modulus [Appendix E]. The mean compliance corrected modulus of all treated 
carbon fibres is 285 GPa. This value is lower than the manufacturers' value of 305 GPa, 
which is due to a different test method. In this study the fibre was tested in air, whereas the 
manufacturer tested the fibre in matrix. In further calculations the measured mean modulus 
of 285 GPa will be used. 
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Now the material properties of the fibres in air are determined, the failure process of the 
single filament embedded in epoxy will be studied. 
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5. The failure process in single filament composites 

In this section fIrst the failure mechanism of the treated carbon fibres will be shown by means 
of photographics. Then, the critical length of all fibre types will be determined. Finally, with 
the critical length the interfacial shear stress will be calculated according to the three models 
which were shown in section 2.1. 

5.1 The influence of fibre surface treatment on interface 
failure 

When the fragmentation process is followed by means of a microscope equipped with 
polarizers, the variations in stress build-up can be visualised. In Figure lOa the stress build-up 
is pictured for 100% treated carbon fibre at different strain levels. In the upper picture the 
first rupture has just occurred. It can be seen that light sheaths appear near both sides of the 
rupture. This indicates stress in the matrix. Over a very short length near the fibre tip, 
debonding occurs. When the strain is further increased, it can be seen that in the part of the 
fibre which was followed by the photographics two more ruptures occur. The fibre fragment 
length is now to short too build up enough shear stress to reach the fIbre failure stress and 
further straining does therefore not result in more ruptures. When the fragmentation process 
of 0% treated carbon is viewed in Figure lId, almost no stress build-up occurs after rupture. 
The fibre is debonded over a long distance and local stick-slip behaviour can be observed 
[Figure lId]. This stick-slip behaviour indicates that the interface strength is of the same 
order as the maximum matrix shear stress. At the 10% treated fIbre the greater glaringness 
and the position of the light sheaths near the fIbre tip indicate a higher shear stress and a 
more rapid stress build-up [Figure lOc]. This is due to a significant improvement of the 
adhesion. After fibre failure, some debonding at the fIbre tips occurs, but then stress is rather 
fast build up. When strained further, stresses are build-up to the middle of the fibre fragment. 
Locally, stick-slip behaviour still is observed, see Figure lIe. The 50% carbon fibre treatment 
level shows a similar stress build up pattern as the 10% treated carbon fibre [Figure lOb]. 
However, no stick-slip behaviour is observed at this treatment level. 
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Figure lOa: Stress pattern in tensile bars while strainillg 100% treated carbon fibre 

17 



€ = 1.9% 

€ = 2.1% 

€ = 2.5% 

E = 3.3% 

Figure lOc: Stress pattern in tensile bars while straining 10% treated carbon fibre 
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Figure 10d: Stress pattern in tensile bars while straining 0% treated carbon fibre 

20 



When the saturated fragmentation specimens where viewed one or two months after testing, 
no significant difference in stress build up was detected [Figure 11]. This means that a large 
part of the stresses which were viewed during fragmentation were due to plastical deformation 
of the matrix. The main improvement of the 10% treatment with respect to the 0% treatment 
is the decrease in debonded length. The difference in stress build up between 10% and 50% 
treated carbon is that the stick-slip behaviour is not present at the 50% treated fibre. When 
compared with the 50% treatment level, the 100% treatment showed a decreased debonded 
length and an improvement of the stress build-up 

(a) 

(b) 

(c) 

Figure 11,' Stress pattern in tensile bars months after saturated fragmentation of single 
filament specimen 
(a), 100% treated; (b), 50% treated; 
(c), 10% treated; (d), 0% treated carbon fibre 
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Also when the fragmentation process is followed by means of a microscope without 
polarizers, the influence of the carbon fibre surface treatment on the fibre failure can be 
visualised. At the 100% treated carbon fibre, the adhesion between fibre and matrix near the 
fibre tip is maintained. Therefore, when the strain of the specimen is increased further after 
a fibre failure, the fibre is not dragged through the matrix. For a different reason this is also 
the case at the 0% treated fibre. This fibre debonds over a long distance and the adhesion 
between the fibre and the matrix is almost completely lost. The interface is therefore not able 
to transfer stress from the matrix to the fibre. Consequently, the fibre cannot be dragged 
through the matrix. At the 10% and 50% treated carbon fibre, however, debonding occurs at 
the fibre tips and the maintained adhesion of the matrix and the fibre something further to the 
fibre fragment middle, this fibre is dragged through the matrix over a relatively long distance. 

By projecting these pictures on a monitor, the length of all fibre fragments could be 
measured. However, first it has to be sure that the fragmentation process is saturated. This 
will be discussed in the following section. 

5.2 Determination of critical fibre length 

With the AE technique it is possible to plot the cumulative number of hits, versus time 
[Figure 12]. It shows that the fragmentation process begins with a few ruptures of the weakest 
fibre areas. Then in a relatively short time, many ruptures occur. After the fibre fragmentation 
process is saturated, further load increase does not lead to more failures [Figure 12]. 

Figure 12: 
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In Figure 12 it can be seen that the up to saturation of the fragmentation process the load-time 
relation of the epoxy is almost linear. 
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The amount of hits for 0% treated carbon was rather high, but this is explained by figure 13. 
This figure shows examples of the amplitude of the hits for 0% and 100% treated carbon. It 
can be seen that for 0% treated carbon a large amount of hits with an amplitude of about 
65dB were detected, which did not occur at 100% treated carbon fibre. It is thought that these 
hits were caused by the friction of the fibre and the matrix in the debonded parts. When these 
low intensity hits were filtered, the amount of hits was in agreement with the real amount of 
ruptures. In Appendix F amount of hits is compared with the real amount of ruptures in the 
carbon fibre. The AE technique showed deviations of 3 hits (6%) maximum with respect to 
the real amount of fibre failures [Appendix H]. When a dogbone shape epoxy tensile bar 
without a fibre was tested, one or two hits were registrated. 
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Figure 13: Amplitude vs. time for (a), 0% treated carbon (b), 100% treated carbon; 
Curve: Load vs. time 

The length of the fibre fragments was measured afterwards. For the carbon fibres this is easy 
to do, because of its brittle failure nature. The distribution of the fibre fragment lengths varies 
for the different treatment levels. In figure 14 it can be seen that a higher treatment level 
leads to shorter fibre fragment lengths. The shorter fibre fragment lengths at higher treatment 
levels are explained by the improvement in adhesion. Better adhesion provides better stress 
transfer from the matrix to the fibre, which leads to a faster stress build up in the fibre near 
the fibre fragment tip and thus more fibre failures. The worse adhesion causes extensive 
debonding at the fibre tip resulting in longer fibre fragments. Especially at the 0% treatment 
level, debonding occurs over a large distance. This debonding has its' own distribution and 
causes a much wider distribution of the fibre fragment length. For this reason, the distribution 
of the 0% treated carbon fibre fragment lengths is much wider than the distribution of the 
10%, 50% and 100% treated fibre fragment lengths. The 100% treated fibre showed the 
smallest distribution because almost no debonding occurs. 
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To determine the critical fibre length, in literature often the normal distribution is used. The 
experimental data, however, clearly were not normally distributed, especially at lower 
treatment levels. Therefore, use is made of the gamma distribution, which is fit with 
Statgraphics. This distribution describes the experimental data well [Figure 15]. The expected 
value of the gamma distribution is equated to half the critical fibre length. This is because 
fibre fragments of a length slightly more than the critical length will break only one time 
more, which leads to a mean fragment length of half the critical length. This way of 
determining the critical fibre length showed values close to the longest fibre fragment in the 
fragmentation tests. It may therefore be considered as a good estimation of the critical fibre 
length. 

24 



0.18 

0.15 

.......... 
I 0.12 
>. 
0 
c: 

0.09 (J) 
::::J 
C" 
(J) 

0.06 '"-u.. 

0.03 

0 

0 0.4 0.8 . 1.2 1.6 2 

Fibre fragment length [mm] 

Figure 15: Gamma distribution fit on the fibre fragmentation lengths of 0% treated carbon 

The calculated values of the critical fibre length are shown in Appendix H. 

The 10% treatment level results in a significantly shorter critical fibre length with respect to 
the critical fibre length of the 0% treated carbon fibre. The critical fibre length of the 10% 
and the 50% treatment level do not differ very much, whereas the 100% treatment level 
shows again a slight decrease in critical fibre length. This is in contrast with the almost linear 
dependency of the fibre fragment length and the critical fibre length which Verpoest [18] 
found for this fibre in a different epoxy system. However, de Kok [19] found with transversal 
tensile tests a similar trend which was found in this study. 

5.3 Computation of interfacial shear stress 

The interfacial shear strength of the different surface treated carbon fibres in the epoxy matrix 
will be determined with the Cox, Piggott and Kelly-Tyson model, respectively. 

The interfacial shear strength was determined after saturated fragmentation. The material 
parameters of the fibres and the epoxy matrix which were used in the models are shown in 
Table 2. 
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Table 2: Material properties of carbon fibres and epoxy 
matrix 

Fibre modulus (Ef ) 

Matrix modulus (Em) 

Poisson ratio (vm) 

Fibre diameter (dc,rOOn) 

2r,jd 

Frictional shear stress ('ti ) 

285 [GPa] 

3.2 [GPa] 

0.38 [-] 

4.9 [pm] 

50 [-] 

10 [MPa] 

The for the Cox and the Piggott model necessary determination of the fibre influenced matrix 
zone, r w caused some problems. In literature for a carbon fibre in epoxy matrix the ratio of 
rm and the fibre radius, rp varies from 5.2 to 300 [9,20]. The influence of this ratio on the 
maximum shear stress estimation by Cox is shown in figure 16. In this figure it can be seen 
that this difficulHo-determine ratio has a considerable influence on the determination of the 
maximum shear stress. 
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I 220 

I 

J 
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1~O~--~SO~--~1=OO~--~~~O----~2OO~--~~=O----~ 

rmJrf[-) 

Figure 16: The influence of ratio r mlrf on the maximum shear stress at Ie 

In this study. the ratio of rm and rf is taken 50. The results of the maximum shear stress 
calculation with the Cox model are shown in Table 3. It can be seen that the interfacial 
strength is not considerably greater at higher treatment levels. Because of the shorter critical 
fibre length at these higher treatment levels this is not what is to be expected. Moreover, the 
interfacial strength is much higher than the maximum shear stress of the matrix, which is 
about 30MPa according to the von Misses criterium. It is therefore not the interface but the 
matrix which will fail. Apparently the assumptions of the Cox model are not appropriate to 
this fibre matrix system. Especially the assumption that both fibre and matrix elastically 
deform over the whole fibre length is in conflict with the failure process which was observed 
with the microscope. Also the debonding between the fibre and the matrix at the fibre tips 
is neglected in the Cox model 

26 



In the Piggott model the shear stress at the fibre tips is taken constant, whereas the middle 
of the fibre is assumed to meet the requirements of the Cox model. The debond length, db' 
was measured by means of a microscope and the shear stress is assumed to be 10MPa [21]. 
Naturally, the Piggott model showed a lower maximum shear stress as the Cox model [Table 
3]. Still, the values are much higher than the maximum shear stress of the matrix. This is due 
to the assumption of Piggott that both fibre and matrix deform elastically between the 
debonded parts. However, it is obvious that plastical deformation is a not negligible 
phenomenon in our fibre matrix system. 

The Kelly-Tyson model assumes that the whole matrix yields plastically. The results are also 
shown in Table 3. It can be seen that the Kelly-Tyson model predicts a higher shear stress 
at higher treatment levels. The lower value of the 50% treated carbon fibre is due to the low 
Weibull parameters which were calculated in Section 4.1. This results in a low fibre strength 
at the critical fibre length and thus in a lower Kelly-Tyson shear stress. Like the other two 
available models, the Kelly-Tyson model does not describe the real physical behaviour of the 
fragmentation process. Kelly-Tyson calculates the mean of the shear stress in the debonded 
part and the stresses in the part where the matrix yields plastically. The according to Kelly
Tyson calculated values for the interfacial shear stress will therefore be lower than the real 
maximum interfacial shear strength. 

Table 3: Fibre strength at critical fibre length and shear stress estimations by Cox, 
Kelly-Tyson and Piggott models 

Fibre Type (J(le) db Cox Piggott Kelly-
Tyson 

[GPa] [mm] [MPa] [MPa] [MPa] 

0% carbon 7.6 0.30 173.4 118.5 12.7 

10% carbon 8.2 0.05 188.1 179.2 19.3 

50% carbon 7.1 0.04 162.7 161.9 17.2 

100% carbon 7.8 0.02 179.7 176.3 24.3 
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6. Conclusions and recommendations 

The single mament composites have shown to be useful for the investigation of the failure 
mechanism in composite materials. Failure phenomena as debonding and plastical yielding 
were observed. Differences in stress build-up along the fibre for the at different levels treated 
carbon fibres were clearly visible. The treatment caused improvement of the fibre-matrix 
adhesion, since, the debond length decreased and faster stress build up was achieved. This 
resulted in a shorter critical fibre length at higher treatment levels. 

To quantify the adhesion improvement between fibre and matrix, models were used in which 
the fibre strength at its critical length had to be known. Therefore, the length dependency of 
the fibres had to be determined. The single mament tensile test at different gauge lengths 
gave values which could be described by the Weibull theory. 

To be sure that the fragmentation process is saturated, the acoustic emission technique is a 
good measurement tool. However, the acoustic emission appeared not able to determine the 
amount of ruptures with a 100% certainty. 

The single fibre fragmentation test gave a deeper understanding of the failure process in 
single filament model composites. The decrease in debonded length and faster stress build up 
at higher treatment levels were observed. By viewing the fragmentated specimens after 1 
month, it proved that the observed stresses were partially plastical. 

Quantifying the interfacial shear strength with the available models of Cox, Piggott and Kelly
Tyson appeared to be impossible. None of the models gives a physically correct description 
of the failure process. 

Research should be done on a new model that describes the interfacial strength at the fibre 
tips with frictional shear stress, followed by a zone in which plastical deformation of the takes 
place. 

To gain a deeper understanding of the failure behaviour of fibre reinforced composites, the 
influence on the failure process of fibres close together in a matrix should be studied 
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8. Appendices 
APPENDlXA 

Setup Acoustic Emission 

At the fragmentation test the AE technique is used to detect fibre failure. Then, if fibre failure 
occurs suddenly energy is released which is partial transmitted in elastic waves. These running 
waves can be detected at the tensile-bar surface. Therefore a piezoelectric sensor, a kind of 
sensible microphone, is mounted with a rubber ring on the tensile-bar. The hardware setup 
is shown in Table A1. 

Table AI: 

Pre-Gain 
dB 

60 

Pre-Gain: 
Gain 
THRS 

PDT 

HDT 
HLT 

Hardware setup Locan AT acoustic emission. 

Gain THRS PDT 
dB dB llS 

20 35 500 

Pre-Gain control pre-amplifies signal. 
Gain control amplifies the input signal. 

HDT 
llS 

1000 

Threshold value: only signals with a higher energy 
than this value are registrated. 
Peak Definition Time is used to determine the real 
maximum of the acoustic emission signal. 
Hit Definition Time determines the end of a hit. 
Hit Lockout Time prevents that reflections interfere 
the acoustic emission signal. 
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HLT 
llS 

1000 
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Wei bull Plot of 100% Treated Carbon 
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APPENDIX C 

Weibull parameters 

Table Cl: Influence gauge length on Weibull parameters of 0% treated carbon 

1 N m 0'0 Ow 
[mm] [-] [-] [ ]l [GPa] 

5 10 5.3 8.8 6.0 

10 9 4.2 11.1 5.8 

50 10 7.4 8.7 4.8 

100 9 4.7 11.2 3.9 

200 10 4.7 12.0 3.5 

[]1: Dimension 0 0 depends on m 

Table C2: Influence gauge length on Weibull parameters of 10% treated carbon 

1 N m 0 0 O'w 
[mm] [-] [-] [ F [GPa] 

5 8 6.0 8.5 6.0 

10 9 4.9 10.9 6.2 

50 8 4.6 11.1 4.4 

100 10 3.8 15.4 4.1 

200 7 4.0 15.4 3.7 
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Table C3: Influence gauge length on Weibull parameters of 50% treated carbon 

1 N m 0"0 O"w 

[mm] [-] [-] [ ]1 [GPa] 

5 8 4.7 9.7 6.3 

10 8 5.1 9.4 5.5 

60 10 5.7 10.1 4.6 

100 10 6.6 9.8 4.6 

200 9 5.6 12.1 4.4 

Table C4: Influence gauge length on Weibull parameters of 100% treated carbon 

1 N m 0"0 O"w 

[mm] [-] [-] [ ]1 [GPa] 

5 8 3.8 9.5 5.6 

10 12 4.6 9.2 5.1 

30 11 6.1 8.7 4.6 

50 11 3.6 13.6 4.2 

75 8 5.5 9.3 3.9 

100 10 4.4 10.6 3.4 

200 8 5.6 8.4 3.0 
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APPENDIX 0 

Compliance Correction 

The measurements of the modulus of elasticity and the strain to break at the single fIlament 
tensile test deviates from the true values through the relative low stiffness of the paper 
mounting tab. Especially at small gauge lengths the deviations are not negligible. The 
modulus of elasticity and the strain to break were therefore corrected for the system 
compliance. 

The measured compliance, or apparent compliance, is a measure of the extension, L, per unit 
force, F: 

c -= f,L 
a f,F 

Because a direct measure of the sample extension was not possible, the displacement of the 
tensile machine crosshead was used as an estimation of the sample extension. Determination 
of the uncorrected modulus of elasticity 

L 
E =

unco" AC 
a 

Where A is the fibre cross-section surface. 
The correct determination of the modulus of elasticity relies on the subtraction of an estimated 
system compliance from the observed apparent compliance. The system compliance is derived 
from a plot of apparent compliance versus gauge length. The compliance at zero gauge length 
is equated to the system compliance [see fIgure 01]. For the system compliance values see 
Table 01. 
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Figure D1: Compliance vs. gauge length of 100% treated carbon 
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The corrected modulus of elasticity of the material is determined from those two compliance 
values. 

The percentage error of the uncorrected modulus compared to the corrected modulus is 
defined as followed: 

(E -E) 
~Err=l00 U1IC()1T CQ" 

ECO" 

The strain to break can be corrected for the system compliance in the same way: 

where, 

Table Dl: System compliance values 

Fibre Type System Compliance 
[mmjN] 

0% treated carbon 0.24 

10% treated carbon 0.45 

50% treated carbon 0.40 

100% treated carbon 0.31 

aramid 0.22 
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APPENDIX E 

Initial modulus 
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Figure E1: Initial modulus vs. gauge length: 0% treated carbon 
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Table E1: Confrontation experimental and manufacturers values o/initial modulus/or the 
treated carbon fibres 

Experimental Manufacturer 
[GPa] [GPa] 

carbon 0% treated 275 305 

carbon 10% treated 288 
" 

carbon 50% treated 298 .. 
carbon 100% treated 277 .. 
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Table F1: 

APPENDIXF 

Acoustic Emission counts versus 
real number of failures 

Acoustic Emission versus real number of failures for 0% treated carbon 

Sample Acoustic Emission Real Number 
Counts of Failures 

1 1 21 w 

2 I 22 w 

3 I 31 -

4 . I 27 

5 I 17 -
6 82 34 

7 50 28 

8 100 30 

.1 File unreadable. 

Table F2: Acoustic Emission versus real number offailures for 10% treated carbon 

Sample Acoustic Emission Real Number 
Counts of Failures 

1 47 46 

2 34 34 

3 45 40 

4 34 34 

5 43 41 
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Table F3: Acoustic Emission versus real number of failures for 50% treated carbon 

Sample Acoustic Emission Real Number 
Hits of Failures 

1 38 39 

2 39 42 

3 39 39 

4 44 43 

5 39 38 

6 38 38 

7 42 41 

Table F4: Acoustic Emission versus real number of failures for 100% treated carbon 

Sample Acoustic Emission Real Number 
Hits of Failures 

1 50 53 

2 49 48 

3 43 42 

4 48 48 

5 54 54 

6 54 53 

7 51 50 
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APPENDIXG 

Fibre fragment length distribution with Gamma distribution 
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Figure G1: Fibre fragment length distribution of 0% treated carbon fibre 
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APPENDIX H 

Critical fibre length 

Table Hi: Estimation of critical fibre length, (, with Gamma distribution 

Fibre Type Ie 
[mm] 

0% treated carbon 1.46 

10% treated carbon 1.04 

50% treated carbon 1.01 

100% treated carbon 0.79 

49 



APPENDIX I. 

1.1 Fibre fragmentation of aramid fibre 

The interfacial shear strength of aramid fibre in epoxy was tried to determine in the same way 
as described in the former Sections. However, the fibre failure mechanism of aramid fibre is 
fundamentally different from the carbon failure mechanism. This causes problems by 
determination of the fibre strength and the determination of the fibre fragment length. These 
problems will be discussed in this section. 

I.I.A Materials 

For the tests on aramid, unsized high modulus fibres (AKZO Twaron-1057) were used. In 
Figure I1 a typical stress versus strain curve of aramid fibre is shown. The aramid fibre show 
a strain hardening behaviour. This is the consequence of the molecular structure. While 
straining the fibre, the molecules conform the loading direction and so have a greater 
resistance against deformation. 
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Figure 11: Typical stress VS. strain curve of aramid fibre 

The used epoxy system for the fragmentation specimens was equal to the epoxy system as 
described in Section 3.1 
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1.1.B Strength-length dependency and tensile modulus of aramid fibres 

When a Weibull plot of the aramid fibres is viewed, a linear relation becomes visible 
[Appendix 1.2]. This is conform the assumptions of Weibull. 

When the tensile strength versus gauge length is pictured for aramid fibre on logarithmic 
scales, the tensile strength of the aramid fibre show a less dependency of the gauge length 
as the carbon fibres do. Nevertheless, also at aramid fibre a linear relation becomes visible 
[Figure 12]. By comparison also the gauge length dependency of the 0% treated carbon fibre 
strength is shown in this figure. The extrapolation which transforms Equation 14 in Equation 
15, however, changes also the value of the Weibull modulus. Apparently, the diameter 
variations are dominant in the strength dependency of aramid fibres. It therefore is may be 
questionable to describe the strength of aramid with the Weibull theory. By lack of an 
alternative method, in this study also for aramid fibre the Weibull theory is used to describe 
the length dependency of the fibre strength. The calculated values of the Wei bull parameters 
and the abscissa and slope of the logarithmic extrapolated Weibull parameters are shown in 
Appendix 1.2. 
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Figure 12: Strength vs. gauge length 
., 0% treated carbon; 0, aramid 

In Figure I3 the initial modulus versus gauge length is shown for the aramid fibre. As the 
initial moduli of the carbon fibres, also the initial modulus of the aramid fibre was 
compliance corrected [Appendix D]. The mean value of the determined aramid initial modulus 
is 123 GPa. This is equal with the manufacturers value of 121 GPa. 

51 



Qi' 
Cl.. 

~ 
U) 
:;:) 

:;:) 

"0 
0 

:IE 
"i 
:-2 
c 

Figure 13: 

I.t.e 

200 

160 

Ill: T T ! T i 120 I T ! • !l 

80 

40 \ 
~ 

6-6_ 

0 6 

0 100 200 

Gauge Length [mm] 

Aramid: Initial modulus vs. gauge length; 
0, Uncorrected; ., Corrected; .d %Error 

The failure process of aramid in single 
filament composites 

100 

80 

~ 60 -'::Ie 
::!-... 
0 ... 
"-

40 w 

20 

~ 

0 
300 

The aramid fibre showed a deviant fragmentation behaviour. This fibre did not break in a 
brittle way, it splitted over a long distance [Figure 14]. Mter load release, kink-bands were 
produced which point to compression of the fibre. It is thought that after rupture, strain 
release of the aramid fibre fragment occurs. When load is released, the aramid fibre fragment 
is clamped by the matrix and compressed during strain release of the sample. In figure I4B 
the plastical deformation of the matrix around the fragmentated aramid fibre is pictured. In 
this figure it also can be seen that the one rupture is spreaded over a long distance. 
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(a) .-----==;;;;;;~---___ 1Iii 

(b) 

Figure 14: Fragmentation of aramid fibre visualisation 
(a), normal light (b) , polarised light 

When the fragmentation process of aramid fibre is monitored with acoustic emission, 
differences were seen in comparison with carbon fibre . This is pictured in Figure 15 (a) and 
(b) for 0% treated carbon fibre and aramid fibre respectively. Firstly, the aramid fibre 
fragmentates in a much shorter time as the carbon fibre does. This means that the distribution 
of the maximum fibre strength along the aramid fibre is much more homogenious as it is 
along the carbon fibre. Secondly, the amount of hits is much greater at the aramid fibre as 
at the carbon fibre. This is due to the different failure process of the two fibre types. The 
brittle failure nature of the carbon fibre occurs only one hit, whereas the splitting failure mode 
of aramid gives a dispersed signal which makes it difficult to filter the ruptures. 
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Figure 15: Cumulative AE hits vs. time of 
(a), 100% treated carbon (b), aramid 

The acoustic emission technique showed to be no reliable measurement tool for the amount 
of failures in the aramid fibre, but also visually count by means of a microscope caused major 
problems. The aramid fibre splits over a relative long distance, sometimes even from fracture 
to fracture. It is therefore difficult to distinguish the different fractures and it is impossible 
to determine a critical fibre fragment length. Because this critical fibre length is needed to 
calculate the interfacial shear stress, the shear stress of aramid fibre embedded in epoxy 
therefore cannot be determined 
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APPENDIX I.2 

Influence gauge length on Weibull parameters of aramid 
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Weibull Plot of Twaron HM Filament 
Gauge Length - 10 mm 
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Weibull Plot of Twaron HM Filament 
Gauge Length - 200 mm 
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Table 11: Influence gauge length on Weibull parameters of aramid 

1 N m CYo 
[mm] [-] [-] [ ]1 

5 13 7.6 4.5 

10 11 4.2 7.0 

30 8 6.5 6.3 

50 7 13.8 4.1 

75 9 6.6 7.3 

100 8 2.8 15.8 

200 7 5.6 8.6 

CYw 
[GPa] 

3.4 

3.6 

3.5 

3.0 

3.5 

2.8 

2.9 

Table 12: Parameters for treated aramidfibres which describe length dependency offibre 
strength 

II 

11m 

aramid 0.05 

56 


	Voorblad
	Objective
	Summary
	Samenvatting
	Contents
	1. Introduction
	2. Theoretical aspects of fibre fragmentation
	3. Experimental
	4. Determination of fibre parameters
	5. The failure in single filament composites
	6. Conclusions and recommendations
	7. References
	8. Appendices

