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1 Introduction 

1.1 Microphenomena in Composites 

Unidirectional composite materials are known to have highly anisotropic properties, with 
excellent stiffness and strength characteristics in the fibre direction and rather poor properties 
in the transverse direction. For this reason, in practice laminates are used, consisting of 
several stacked plies with different fibre orientations, resulting in sufficient stiffness in more 
than one direction. Mechanical loading of such structures also induces a load perpendicular to 
the fibres in the plies oriented normal to, or at an angle, with the loading direction. Initiation 
of microcracks is often observed in these plies, resulting in a reduction of the mechanical 
properties of the structure. Figure 1.1 gives an example of transverse ply cracks in a [0, 
±45, 90, ±45, 0] graphite/epoxy laminate with an average ply thickness of approximately 
100 Jim, which was loaded in horizontal direction. This experiment has been performed at 
Texas A&M University, in an Environmental Scanning Electron Microscope (ESEM). After 
an initial crack has formed in the off axis ply, the load is redistributed to the other plies. 
This stress build up results in more cracks in the transverse ply until a saturation level is 
reached, after which further loading will lead to cracking of the other plies, yielding damage 
mechanisms such as delamination and fibre fracture, and eventually failure of the structure. 

Figure 1.1: Transverse cracking in a graphite epoxy laminate (experiments performed in 
ESEM, at Texas A&M University). 
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The main cause of early failure of the transverse ply is the heterogeneity of the material. 
Loading of the laminate in Figure 1.1 leads to stress and strain concentrations around the 
fibres. A global strain of 1% already gives local strains of more than 5% as has been shown 
by De Kok (1995). An irregular packing of the fibres, due to the inhomogeneous fibre distri
bution in for example a filament wound composite, increases this effect. Due to these local 
strain concentrations, the macroscopic transverse failure strain is, in most cases, considerably 
lower than the longitudinal failure strain. To obtain a better understanding of these limiting 
macroscopic mechanical properties, a more detailed understanding of the material behaviour 
on the micro level is required. 

In all loading directions, the macroscopic behaviour of unidirectional fibre-reinforced
composite materials is strongly influenced by phenomena occurring at the fibre-scale (5-
15/lm). In longitudinal as well as in transverse direction, the stress transfer from the polymer 
matrix to the fibre determines the mechanical behaviour. Especially during longitudinal load
ing, the failure mode is influenced by these microphenomena. The failure process is deter
mined by the strength of the fibre/matrix adhesion. A relatively weak bond may lead to crack 
deflection at the fibre/matrix interface, with the fibres acting as crack-arresters, whereas a 
strong bond leads to a more brittle macroscopic behaviour. The behaviour in transverse direc
tion is even more sensitive to changes at the microscale. The stress concentrations around the 
fibres lead to micro-crack initiation, which will grow along a ply to become a complete trans
verse crack. Figure 1.2 shows two ESEM-images of microcrack initiation in a graphite/epoxy 
composite (fibre diameter ± 4 /liD). In this figure, the laminate is loaded vertically. 

(a) (b) 

Figure 1.2: (a), (b) Initiation of microcracks in a transverse ply (experiments performed 
in ESEM, at Texas A&M University). 



Introduction 3 

The first microcracks, usually observed, are cracks due to breakage of the bond between fibres 
and matrix, referred to as debonding. These early debonds are often found at the transition 
of a fibre and a matrix-rich region, as shown in Figure 1.2a. This observation emphasises 
the influence of local inhomogeneities. An explanation of this phenomenon can be found 
considering the residual stresses (Bradley et al., 1995). It is generally assumed that these 
stresses are compressive in radial direction at the fibre surface, due to thermal contraction 
of the matrix after curing. However, at the transition between the fibre and the matrix rich 
region at which debonding is observed, the matrix region contracts more than the fibre rich 
region, resulting in residual tensile stresses. 

Although most studies of transverse properties in literature do not take into account effects 
like these, an improved understanding of the mechanical behaviour of transversely loaded 
composites can only be achieved if the realistic microstructure of the material is considered. 

1.2 Adhesion between fibres and matrices: interphase and interface 

The initiation of microcracks is controlled by the strength of the adhesion between fibres and 
matrix. The local stress concentrations around fibres due to mechanical loading, combined 
with the residual thermal stresses, make the fibre/matrix transition the most important con
stituent of a composite material. Because both terms interface and interphase, are often used 
to refer to this fibre/matrix transition, the definitions as used in this thesis are given first: 

interphase: The interphase is defined as a three-dimensional region between fibre and 
bulk matrix, with a different morphology, chemical composition and me
chanical properties, compared to both fibres and bulk matrix. 

interface: The interface is defined as a two-dimensional border between fibre and in
terphase, or fibre and matrix in the cases where no interphase is considered 
to be present. 

According to these definitions, an interphase becomes an interface, if its thickness decreases 
to zero. In this thesis, the transition between fibre and matrix is modelled as an interphase, 
with different properties compared to fibre and matrix, which is perfectly bonded to the fibre. 
The word interface will be used to refer to the border between fibre and interphase. 

The interphase in a composite is constituted during curing. Depending on the choice of 
materials, i.e. the fibres, the fibre surface treatment or sizing and the matrix material, the fibre 
volume fraction, and processing conditions, such as cure temperature, time and pressure, a 
different interphase with different mechanical properties can be formed (Jayaraman et al., 
1993a; Jayaraman et al., 1993b). Consequently, the inhomogeneous fibre distribution in a 
filament wound composite can result in different interphases in a single composite part. 

To prevent cracking of transverse plies in structural applications, a design criterion has to 
be established. To obtain such a criterion, the properties of the constituents of the composite 
are needed. Of these, especially the properties of the interphase are difficult to determine. 
Despite a lot of effort put into this area, a full characterisation of interphases has not yet 
been achieved. In literature, often attention is focused on the strength of the fibre/matrix 
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bond. Several methods have been developed to characterise the interfacial strength in shear 
loading conditions. However, due to the more limiting transverse properties, the strength 
of an interface in normal loading direction is of more practical importance for obtaining 
the required design criteria. The lack of knowledge concerning microphenomena in this 
type of loading situations leads to overdesigning, which on its turn limits the optional use of 
composites in many applications. 

1.3 Numerical Modelling of Microphenomena 

The mechanical properties of the interphase are important for the stress transfer from matrix 
to fibre. Apart from experimental studies, analytical studies and numerical simulations, using 
the finite element method, have been performed to study the influence of microscopic changes 
on the local transverse deformation mechanisms. 

Analytical solutions, considering three or four concentric cylinders (n-phase models), 
representing fibre, interphase, bulk matrix and the surrounding composite, are used to study 
the local stresses as a function of the mechanical and thermal properties of the interphase 
(Mikata and Taya, 1985; Vedula et al., 1988; Zhang, 1990; Jayaraman and Reifsnider, 1992). 

1\vo types of numerical models can be considered to describe the mechanical properties 
of the fibre/matrix transition, such as the Young's modulus, Poisson's ratio and coefficient of 
thermal expansion. If the transition between fibre and bulk matrix is assumed to be an inter
face without the presence of an interphase, it can be modelled with spring models. The me
chanical properties are characterised by spring constants that relate normal and shear tractions 
to the normal and tangential displacements. Tractions are continuous across the interface, and 
displacements are discontinuous across the interface. The spring constants characterise the 
properties of the interface. Interphase layer models use an isotropic or anisotropic contin
uum model, having constant or, for example, nonlinear varying properties over its thickness. 
Numerical simulations are often based on a simplified geometry, assuming that the fibres are 
packed in a periodic square or hexagonal array. Consequently, these simulations predict that 
the local deformations around a fibre are equal for all fibres. Based on the periodic packing, 
a representative volume element (RVE) can be define. Based on symmetry, a part of such 
an RVE can me modelled to study the influence of for example fibre volume fraction, ma
trix properties, and interface or interphase properties. Parameter studies can be performed 
to identify the most important factors that affect the composite performance (Ochiai and Os
amura, 1988; Achenbach and Zhu, 1990; Wisnom, 1992; Robertson and Mall, 1993; Asp et 
al., 1996; Shaw and Miracle, 1996). Micromechanical models have proved to be powerful 
tools for investigating and understanding the behaviour of composites in terms of their con
stituent properties. Both analytical and numerical results show a strong dependence of local 
stresses in the interphase on its thermal and mechanical properties. However, they cannot be 
used to quantify these properties. 

To obtain insight in the microphenomena that govern the transverse behaviour of com
posites, not only the strength of the interphase is an important parameter, but also the elastic 
properties since they influence the local stress-strain situation. Assuming that the strength of 
the interphase is known, its constitutive behaviour, in which the elastic part defines the initial 
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yield stress and strain, determines the global load, at which the strength is locally reached, de
pending on local variations of fibre distributions. Figure 1.3 gives the radial interface stresses 
(stresses in the interphase, at the border between fibre and interphase) for several Young's 
moduli of the interphase between a glass fibre (E1=70 GPa) and epoxy matrix (Em=2.8 GPa), 
and for two interphase thicknesses . 

(a) 

• • • • • • • 
· · ··~· · ao <== ~ ==> ao • • •••• • • • • • • • • 

--on 

Figure 1.3: Radial interface stresses as a function of the Young's nwdulus of the inter
phase. (a) interphase thickness 0.5 Jlm, (b) interphase thickness 1.0 Jlm 
(- E; = 0.25Em, -· E; = 0.5Em, .. E; = 0.75Em, -- E; = Em> - E; = 
J.5Em). 

Here, the fibres are assumed to be periodically distributed in a square packing. In these 
numerical simulations, the interphase was assumed to have constant properties over its thick
ness. The calculated stresses are normalised with respect to the applied stress a0 • Figures 
1.3a and b show that an increase in interphase modulus E; from 0.25· Em to 1.5· Em results in 
an increase in the local stress from approximately 2 to 3 times the applied stress. 

In real composites, the inhomogeneous fibre distribution leads to different stress concen
trations, which combined with the different residual stresses results in approximately as many 
different interphasial stress states as there are fibres in the composite. Hence, the various rni
crophenomena lead to a complex mechanical behaviour, making the transverse properties 
difficult to characterise. 
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1.4 Characterisation of Microphenomena 

The microdeformation mechanisms can be influenced by changing a number of parameters. 
Often, for the optimisation of composite systems, the influence of fibre-matrix adhesion is 
studied by chemically changing the bond strength, and testing the effect of these changes on 
interface dominated macroscopic properties (Adams and Doner, 1967; Baronet al., 1987; 
Madhukar and Drzal, 1991). For glass fibres, different surface sizings can result in differ
ent adhesion strengths. The adhesion to carbon fibres can be changed by electrochemical 
oxidation of the fibre surface. However, testing the influence of fibre surface treatments on 
macroscopic properties does not give real insight in the microscopic changes. 

Numerical simulations, including an interphase or interface model can be used to study 
the effect of the interface strength on the maximum local strain or the transverse strength of 
a composite. Figure 1.4 gives a schematic representation of the macroscopic strength as a 
function of the interfacial normal strength for a carbon-fibre-reinforced epoxy composite (de 
Kok et al., 1993). 

interfacial normal strength [MPa] 

Figure 1.4: Relation between the transverse strength and the interfacial normal strength. 
(Reproduced from de Kok (1993)) . 

As indicated, in Figure 1.4, three regions with different microphenomena can be distin
guished. For interface strengths lower than 20 MPa, the failure mechanism equals that of 
an unhanded fibre, leading to very high stress concentrations. An interface strength, increas
ing from 20 MPa to 140 MPa, results in a corresponding increase in the composite strength 
from 20 MPa to 97 MPa. In this region, the failure mode is controlled by interfacial failure. 
Interfacial strength values exceeding 140 MPa, result in a failure mode controlled by matrix 
cracking, i.e. the fibre is said to be perfectly bonded to the matrix. For further improvement, 
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a matrix system with a higher yield stress can be used, leading to a higher transverse strength, 
as indicated by the arrow. The interfacial normal strength values in Figure 1.4 are consider
ably higher than the matrix yield stress (97 MPa), due to the local stress state at the interface. 
A local maximum interfacial normal stress of 140 MPa, results in a maximum von Mises 
stress that equals the yield stress of the matrix. 

The two failure modes represent the rnicrophenomena that need to be characterised. If the 
fibre and matrix material of a composite are chosen, first the interfacial strength has to be de
termined. The interfacial strength is defined as the interfacial stress needed to cause debond
ing. Secondly, for perfectly bonded fibres, the numerically obtained result that the transverse 
strength is limited by local matrix yielding has to be verified experimentally. Finally, but 
most important, the mechanical properties of the interphase have to be characterised. For 
example, as shown in Figure 1.3, a higher Young's modulus of the interphase yields a higher 
stress concentration factor. Consequently, the curve in Figure 1.4 will shift down, leading to 
different macroscopic properties. These three microphenomena have been investigated, and 
the results are presented in this thesis. 

To determine quantitative information on the microphenomena, new methods are neces
sary which can be used to measure the local stress-strain state around a fibre. Due to the 
small scale (glass fibre diameter 10 - 15 Jlm, carbon fibre diameter 4 - 5 Jlm) and the inho
mogeneous deformations, standard test methods can not be used. Modern methods often use 
measured field quantities, i.e. displacements and strains, to obtain reliable constitutive data 
of the constituents. For example in single fibre test methods, such as the single fibre frag
mentation test and the pull-out test, laser Raman spectroscopy has been successfully used to 
quantify the local deformations in shear loading conditions (Young et al., 1995). However, for 
the measurement of deformations on a scale of typically 20x 20 Jlm, in a transversely loaded 
composite, new measurement techniques need to be developed. In this thesis, a measurement 
technique, combined with an experimental-numerical method will be presented, which can 
be used to quantify local deformations and material properties of interphases. 

1.5 Scope and objectives of the research: 
Material characterisation using measured field quantities 

Methods to characterise rnicrophenomena in composite materials, often consider the mi
crostructure of the material. By performing experiments on model composites, containing 
one or several fibres, a better understanding of local stress transfer can be obtained. The 
experimental results can be compared to the results of numerical simulations, and by adjust
ing parameters in the numerical models, information can be derived concerning the material 
properties. 

Measurement of field quantities during such experiments has proved to significantly in
crease the information that can be derived. In pull-out experiments and fragmentation tests, 
the strain in fibres can be measured, which can be converted into interfacial shear stresses. 
Combined with finite element simulations, this approach leads to a better insight in the initi
ation ofthe debonding process and the question whether interfacial debonding precedes fibre 
fracture or is associated with the fibre fracture process. Unfortunately, strain mapping in fi-
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bres is restricted to studies of model composites. It is not certain that the stress states in these 
model composites are representative for 'real' composites, which contain more fibres, and 
moreover, are made with different fabrication techniques and process conditions. 

In this thesis, a measurement technique will be introduced, which can be used to mea
sure local deformations in transversely loaded 'real' high fibre volume fraction composites 
as well as single fibre model composites. These deformations can be measured by placing a 
grid of markers on the surface of a specimen using the electron beam of a scanning electron 
microscope (SEM). The displacements of these markers can be recorded during experiments 
performed inside the vacuum chamber of a SEM, equipped with a specially designed minia
ture tensile stage. This technique is part of an experimental-numerical method, that is used 
to characterise the mechanical properties of interphases. The measured field quantities are 
directly coupled to finite element simulations of the experiments, the geometry of which is 
defined by the positions of the markers. The boundary conditions are supplied by the mea
sured displacements. 

Compared to other methods, the field quantities are not only used for comparison of exper
imental and numerical results, but they are also used as input for the models. The advantage 
of this combination of local measurements and finite element modelling is that the hetero
geneity of the material is accounted for, and geometrical assumptions are no longer needed. 
This method offers the possibility to obtain a quantitative measure of the microphenomena 
described in the previous section, and to determine a constitutive relation for the interphase 
in normal loading conditions. 

1.6 Outline of the thesis 

Figure 1.5 shows a schematic overview of the characterisation of the mechanical properties 
of composites from the nanolevel to the macroscopic level, in which the characterisation 
of microphenomena is an essential part. At the nanoscale, a spectroscopy technique like 
scanning ion mass spectroscopy (SIMS) or atomic force microscopy can be used to derive 
information on the composition of an interphase (Thomason, 1995), whereas atomic force 
microscopy (AFM) can reveal information about its thickness (Sturm, 1995). Identification 
of interphase properties is usually performed at the microlevel. A distinction can be made 
between single-fibre-model composites and 'real' high fibre volume fraction. Both these 
composites can be used for the characterisation of the constitutive behaviour of interphases, 
using the experimental-numerical method. An essential part of this method is the measure
ment of field quantities as indicated in the left column of the figure. Single fibre specimens 
can be used to observe debond initiation and growth, offering the possibility to derive a failure 
criterion for the interphase. Because of the numerous fibres in 'real' composites, the location 
of debond initiation is nearly impossible to predict, making these specimens unsuitable to 
obtain a failure criterion. The experiments and simulations at the microlevel, as described in 
this thesis, result in a constitutive behaviour and a strength value for the interphase, which can 
be incorporated in numerical analyses of a composite at the mesolevel using a representative 
volume element that can predict the macroscopic transverse composite properties. Combined 
with the mechanical properties in longitudinal and shear loading, this can eventually lead to 
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a design criterion for these materials. 
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Figure 1.5: Schematic overview of the characterisation of composite properties from the 
nano- to the macroscopic level, eventually leading to a design criterion. The 
subjects that are discussed in this thesis are given in the bold rectangles 
( SFMC = single fibre model composite). 
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For comparison of the method developed in this work with existing interfacial test meth
ods, Chapter 2 gives an overview of these methods. Attention is focused on the measurement 
of field quantities, and the improvements of the test methods, that could be achieved by local 
deformation mapping. 

Characterisation of transverse interphase properties requires a technique to measure de
formations on a local scale. In Chapter 3, a new measurement technique is presented. Exper
iments are performed in the vacuum chamber of a SEM, equipped with a miniature tensile 
stage. The stage and the miniature high fibre volume fraction and single fibre specimens are 
presented. The procedure of obtaining markers with the electron beam of a Scanning Elec
tron Microscope, and the measurement of the marker coordinates, with an analysis of the 
accuracy, is described. 

The hybrid experimental-numerical method is described in Chapter 4. The finite element 
modelling of the experiments, and the estimation of parameters, using a least squares algo
rithm, is discussed. The numerical model of an experiment has to give a good representation 
of the stress-strain state in the experiment. Therefore, a numerical analysis of the stress state 
near the free surface of a transversely loaded composite has been performed. The results are 
validated with experiments on single fibre specimens. Estimation of interphase conditions 
can be performed if an experiment provides sufficient information, which has been analysed 
by performing numerical experiments as a preparation for actual experiments. The influence 
of noise in the position measurement and on the estimation results, is discussed as a function 
of the amplitude of the noise, the experimental set-up, and the local geometry of the material. 

Chapter 5 discusses the results of the characterisation of interphases using high fibre vol
ume fraction glass-fibre-reinforced composites. For several experiments, measured displace
ment fields are shown that cover an area including part of a fibre cross-section with surround
ing interphase and matrix. The experimental results are used to estimate the elastic properties 
of the interphases with linear elastic and nonlinear elastic constitutive models. For validation 
of the results, the displacement residuals and maximum local strains are analysed. 

It is difficult to measure the interfacial normal strength in experiments with high fibre 
volume fraction composites. In Chapter 6, the interfacial normal strength is determined from 
experiments using single glass and carbon fibre model composites. The measurement tech
nique and numerical models are used to calculate interfacial stresses around fibres for in
creasing load levels until de bonding occurs. For the carbon fibres, the influence of oxidative 
surface treatments on the elastic interphase properties and interfacial normal strength is anal
ysed. Furthermore, the dependence of the strength values on the elastic properties is shown 
by calculating the strengths with and without an interphase between fibre and bulk matrix. 

The mechanical behaviour of a transversely loaded composite is strongly influenced by 
its microstructure. Given the constitutive behaviour of fibres, interphase and bulk-matrix, de
termination of the strain distribution can increase insight in the factors that affect the macro-
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scopic composite behaviour. Chapter 7 focuses on the localisation of deformation in high 
fibre volume fraction composites. Strain distributions in the interior of a specimen are deter
mined from 'large scale' experiments, in which the fibres are used as displacement markers. 
Local strains near the free surface and in the interior are determined using markers produced 
with the SEM. The effect of the matrix ductility on the deformation behaviour is analysed 
experimentally. 

In Chapter 8, the conclusions of this work are summarised and recommendations for 
future work are given. 
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2 Characterisation Methods for the 
fibre/matrix adhesion in composite 
materials 

2.1 Introduction 

The main objective of the work presented in this thesis is to develop a method to analyse 
microphenomena in transversely loaded composites. To achieve this goal, the most important 
requirement is to determine a constitutive relation that describes the mechanical properties of 
the interphase. In terms of strength, it is known that a strong interphase results in good macro
scopic transverse, shear, and compression strength of unidirectional composites, whereas the 
resistance to crack propagation across the fibres can be enhanced by a weak interphase. The 
elastic properties of an interphase influence the stress transfer from matrix to fibre. During 
transverse loading, a low modulus interphase reduces the stress concentration factor (Figure 
1.3). Consequently, an optimum interphase exists for each fibre/matrix combination and for 
each structural application (Venderbosch et al., 1996). This requires knowledge about what 
constitutes the optimum interphase, and the first step in establishing this is to measure the 
interphase properties. However, a complete method that can eventually predict the type of 
fibre surface treatment, required for a given fibre-matrix combination and wanted composite 
properties, has not yet been developed. 

The importance of the degree of adhesion during longitudinal as well as transverse load
ing has led to an extensive amount of research in this area. Ebert and Kennard Wright ( 1974) 
reported that in order to determine the performance of an interphase, the parameters describ
ing the mechanical properties, such as Young's modulus and strength need to be determined. 
Ideally, test methods, in which interfacial stresses are uniform and the stress state simple over 
a relatively large portion should be developed. However, attempts to meet these conditions 
encountered problems. Whenever a composite structure is loaded, the high property gradi
ents lead to complex stress states in or near the interphase, which are difficult to duplicate in 
a simple mechanical test. Therefore, test methods have been developed in which the stress 
states in actual composites are simulated. In literature, there are no test methods available that 
can directly measure both interphasial stiffness, strength and other physical properties such 
as the thermal expansion coefficient, although a number of test methods have been developed 
that measure the strength of an interphase in shear loading conditions. 
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To compare the advantages and disadvantages of the method described in this thesis to 
those of the most commonly used methods, an overview of available methods will be given 
in this chapter. This overview is not intended to give a complete review of all the work 
in the field on interphase characterisation but to give a brief review of the most common 
mechanical characterisation methods, and especially to discuss the improvements that were 
achieved by measuring field quantities. In the case of longitudinal loadings such deformation 
measurements were obtained by Laser Raman Spectroscopy. It was found that for a wide 
variety of fibres the bands in their Raman spectra shift on the application of stress. The 
strain dependent property is the influence of the atomic vibrations in a crystalline material. 
Because a laser beam can be focused to a point of about 3 f-1-m on a specimen, this band shift 
can be used to measure the strain from point to point along the fibres close to the surface 
embedded in a transparent matrix. The calibration of the relationship of Raman frequency 
versus tensile strain for a specific fibre is normally obtained by stressing a single fibre in air, 
while Raman spectra are taken along the fibre length at each level of applied strain. For strain 
mapping in composites, separation of fibre and matrix spectra is necessary to obtain accurate 
measurements. For a less intense fibre Raman peak, the fibre and matrix peak might not be 
clearly distinguishable, but the shape and position of Raman peaks of amorphous materials, 
such as epoxy resin, are not affected by the application of stress, such that the two peaks can 
be deconvoluted. 

In Section 2.2, the concept of an interphase between fibre and matrix will be discussed, 
together with fibre surface treatments and matrix properties that may lead to its formation. 
The following sections give an overview of four test methods, which are commonly used for 
the measurement of the interfacial shear strength (ISS): the pull-out test, the microdebond 
test, the fragmentation test and the microindentation test. In Section 2.7, methods developed 
for the characterisation of transverse interphase properties will be described, after which some 
concluding remarks are made. 

2.2 Fibre/Matrix Adhesion: The existence of an interphase region 

A better understanding of the inter-relationships between fibre, interface and matrix has led 
to the concept of an interphase, i.e. a three-dimensional region between bulk-fibre and bulk
matrix with different mechanical properties. The complexity of this region can be illustrated 
by the schematic representation in Figure 2.1, showing the possible constituents of an inter
phase (Drzal, 1982). According to this model, the interphase exists from some point in the 
fibre where the local properties begin to change from the fibre bulk properties through the 
actual interface, in this model defined as the border between the polymer of different proper
ties and the fibre surface layer, into the matrix where the local properties again equal the bulk 
properties. A fibre surface layer may exist with morphological variations. Surface treatments 
can remove this surface layer, e.g. for carbon fibres, by adding surface chemical groups lead
ing to a different region. Exposure to environmental conditions before composite processing 
can result in the absorption of materials, which alter or eliminate surface reactivity. Both 
chemical and physical bonds can exist at the interface, and the number and type of each of 
them strongly influences the interaction between fibre and matrix. Chemical bonds can be 
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altered by surface treatments. The structure of the matrix material in the interphase can be 
influenced by the proximity of the fibre surface. Changes in reactivity due to absorption of 
matrix components can alter the local morphology. Unreacted matrix components and im
purities can diffuse to the interphase region altering the local structure. Depending on the 
system, the interphase itself can extend from a few nanometers to a few microns thickness. 

-+---- bulk matrix 

polymer of different properties 
r---- absorbed material 

fibre surface layer 
---- bulk fibre 

Figure 2.1: Schematic representation of the possible constituents of an interphase be
tween bulk fibre and bulk matrix (reproduced from L. T. Drzal, 1982). 

Fibre surface treatment, or the addition of a surface finish, can be used to alter the compo
sition of the interphase. Surface treatments for carbon fibres improve adhesion through the 
chemical etching of the fibre surface which removes the weak surface layer produced during 
graphitisation, and adds surface chemical (oxidative) groups to increase the interaction be
tween fibre and matrix. In addition to surface treatments, surface finishes or coatings can be 
used, which are typically hundreds of nanometers thick. For example an epoxy resin sizing 
on a carbon fibre resulted in an interphase of higher modulus around the fibre, compared to 
the uncoated case (Drzal, 1990a; Drzal et al., 1994). 

To improve adhesion in glass-fibre-reinforced epoxy composites, usually silane coupling 
agents are applied to the fibre surface. The improved bond has been attributed to the coupling 
agent forming a chemical bond between fibre and polymeric matrix. However, on commer
cial glass fibres with a diameter of approximately 15 J.Lm, the coupling agent forms only a 
small fraction of the applied coating. The coating also contains a mixture of processing aids 
and film former or binder, whose contributions to composite properties are not well defined. 
The coating consists of a part bonded to the fibre surface (non-extractable) and an extractable 
part (Mader and Freitag, 1990; Thomason, 1995). Thomason (1995) has shown that the in
terfacial strength increases with the amount of bonded material. When these coated fibres are 
used in composite production, the extractable part will dissolve into the surrounding matrix. 
Processing of the composite below the glass transition temperature of the coating produces 
a localisation of the coating material in an interphase around the fibre. This may result in 
the formation of an interphase having different properties than the bulk matrix, governed by 
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the thermodynamic and rheological properties of the coating material and the cure kinetics of 
the epoxy matrix. Scanning secondary ion mass spectroscopy has shown concentrations of 
the eN- ions, representative for a component of the coating, in an approximately I 11-m thick 
region around the fibre surface (Figure 2.2). These results give an indication of the thickness 
of the interphase in this glass-fibre-reinforced epoxy composite. 

Figure 2.2: Scanning secondary ion mass spectroscopy image, showing the sizing rich 
interphase region (reproduced from Thomason (1995)). 

Drzal has studied the effect of the matrix on the stress transfer between a carbon fibre and 
matrix (Drzal, 1990b; Drzal, 1990c). By keeping the matrix chemistry and the processing 
conditions constant, resulting in a constant extent of chemical reaction, Drzal stated that the 
properties of the matrix region in close proximity to the fibre surface seem to control the level 
of adhesion and the failure mode. Although statistically significant differences were found 
in the interfacial shear strength for one fibre/matrix combination, the average ISS was shown 
to increase for increasing shear modulus of the matrix. This implies that when coatings or 
finishes are used, the properties of the coating or interphase itself may limit the degree of 
adhesion. 

These considerations suggest that there exists an interphase with mechanical properties 
different from the properties of bulk fibre and bulk matrix. The results have led to an improved 
understanding of the inter-relationships between fibre, interface and matrix, but to quantify 
the mechanical properties test methods need to be developed. 

2.3 The pull-out test 

Test description 
The oldest technique, developed in the early stages of composite research, is the fibre pull
out method. The experimental set-up, shown schematically in Figure 2.3, consists of a single 
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fibre embedded in a block of matrix. A monotonically increasing load is applied to the fibre 
in order to pull it out of the matrix, while also the displacement is recorded. The stress dis
tribution in this test is representative for a fibre that bridges a crack in a high volume fraction 
composite that fails by matrix fracture followed by debonding and fibre pull-out. This test 
is not generally limited by the properties of fibre and matrix, compared to the fragmentation 
test where the failure strain of the matrix needs to be three or four times that of the fibres to 
achieve a saturated fragmentation state. 

F..---

matrix surface 

Figure 2.3: Schematic representation of the pull-out test. 

Analytical shear lag model for the stress distribution in the fibre 
The pull-out test is being used to obtain values for the interfacial shear strength and frictional 
properties after the initiation of debonding. In order to retrieve the strength, as a first approx
imation a simple balance of forces can be used, assuming that the shear stress at the interface 
is uniformly distributed along the embedded length Le. This results in the following relation 
for the interfacial shear stress. 

UJ r 
T = -- (2.1) 

2 L. 
in which u 1 is the tensile stress on the fibre and d the fibre diameter. According to equation 
2.1 the stress in the specimen is independent of the material properties, and the interfacial 
strength depends linearly on the embedded length. Experiments with different embedded 
lengths show a plateau value in the relation between pull-out force and embedded length 
for larger values of L •• indicating that equation 2.1 oversimplifies the test. The analytical 
equation for the shear stress distribution can be improved by the expression for the stress 
built up in the fibre, described by Piggott (1980) based on the shear-lag theory. Assuming 
that fibre and matrix behave elastically and that the interface transfers stresses without slip, 
the fibre stress can be described by: 

d2<7J 2 (7 f 
(2.2) 

dx2 n-
r2 

in which 

n2 = Em 
(2.3) 

EJ(1 + vm)ln( ~) 
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where Em, E1 and Vm are the Young's moduli of matrix and fibre and the Poisson's ratio of 
the matrix, respectively. For the pull-out experiment, a 1=a f e at the matrix surface (x=O) and 
a 1=0 at (x=L.), assuming no bonding at the fibre end in the matrix block. The tensile stress 
in the fibre can then be described by (Chua and Piggott, 1985): 

sinh[n(L.- x)/r) a, = a,. sinh(nL./r) 

Determination of the interfacial shear strength 

(2.4) 

The interfacial shear stress distribution can be derived by a balance of forces on a fibre incre
ment of length dx: 

r da1 
T; = 2 dx 

resulting in 

cosh[n(L.- x)/r) 
T; = na,. 2sinh(nL./r) 

(2.5) 

(2.6) 

The interfacial shear strength can then be determined by calculating the maximum shear 
strength for the maximum observed load during the test. A typical force displacement graph 
for a pull-out experiment is given in Figure 2.4a. 

displacement 

(a) 

[%) . .. \ 
C:j 1.5 

t 1 

0.5 I .... . 
' . 
''-~ - - ~-~- ..... ·---·-- !' __ ~ -. . . 
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(b) 

Figure 2.4: (a) A typical force/displacement curve for a pull-out test and (b) the ana
lytically determined fibre strain distributions according to the shear-lag de
scription(--) and Raman measurements (*)fora Kevlar/epoxy system (A. K. 
Patrikis, 1994). 

In this figure, three features occurring during the test can be identified. First the fibre is 
loaded, leading to elastic stress built up. At the point where the shear strength of the in
terface in reached, debonding will occur and at the onset of debonding frictional resistance 
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to slipping determines the pull-out process. After that, a stick-slip mechanism will describe 
the frictional behaviour of the interface. Figure 2.4b shows the analytical strain distribution 
according to equation 2.4, in which <7 1 and <7 1• were replaced by c 1 and c 1•• for a Kevlar fi
bre/epoxy system (r=6 f-Lm, E 1=120 GPa, Em=3.0 GPa, vm=0.35) with an applied fibre strain 
of 1.9% (Patrikis et al., 1994). 

Alternative analysis approaches 
The shear-lag model assumes that all the load on the fibre is transferred to the matrix by shear 
stresses and that catastrophic debonding occurs when the shear strength of the interface has 
been overcome. In reality however, there are two types of interfacial bonding; adhesional or 
elastic bonding and frictional resistance to slipping. The total resistance to debonding and 
the nature of the debonding process are determined by the combination of these two, which 
depends on the embedded length. The contribution of adhesional bonding decreases and 
the frictional resistance increases as the embedded length increases. Gray (1984) analysed 
the test theoretically and developed an analytical model in which partial debonding, starting 
from the matrix surface, was taken into account. The parameters describing both resistances 
could be determined from the relationship between pull-out load versus displacement and 
pull-out load versus embedded length. A similar approach was followed by Zong-Fu and 
Grubb (1994). 

Penn and Lee (1989) also recognised that the failure mechanism is crack propagation 
rather than instantaneous debonding. In an attempt to describe these phenomena, they fol
lowed a fracture mechanics approach. The amount of energy required to debond an area of 
interface, the fracture surface energy, can be obtained by the energy stored in the compo
nents of the specimen, which is the sum of the extensional energy in the free fibre length, 
the strain energy stored in the embedded portion of the fibre and the energy stored in the 
matrix immediately surrounding the fibre. The strength of the interface was described in 
terms of the critical strain energy release rate. By introducing an initial debond crack, and 
solving an incremental energy balance, they retrieved an expression for the required load for 
specimen failure, which describes the experimentally observed non-linear relation between 
pull-out load and embedded length. Chua and Piggott (1985) formulated a similar approach 
in which the energy required for pull-out against friction is also added, but the pull-out load 
was derived by equating the total energy components. 

Marotzke (1991) has studied the influence of mechanical loading and thermal shrinkage 
stresses on the local stresses with finite element analyses. The generally lower expansion 
coefficient of the fibre causes an axial compressive stress in the fibre. At the matrix surface, 
a concentration of shear stresses and radial tensile stresses was found. This means that the 
initiation of debonding in the test is mode-l dominated. Further debond growth was found 
to be dominated by the shear mode. In a subsequent paper, Marotzke (1993) also analysed 
the influence of a meniscus at the matrix surface. The existence of a meniscus was shown 
to decrease and shift the maximum stresses into the meniscus, i.e. the interface is unloaded. 
The neglect of this geometrical parameter in the evaluation of the test data will result in a 
erroneous ISS data. 
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Measurement of field information 
When only the force-displacement relation of a pull-out test is measured, different analysis 
approaches can lead to different material parameters, describing the mechanical behaviour of 
the interface. An improvement can be achieved by measuring the fibre strain during the test. 

Patrikis et al. (1994) showed that by the use of Raman spectroscopy the fibre strains could 
be measured in the matrix block as well as in the free fibre length. Near the matrix surface 
some irregularities were found which were caused by interfacial cracks caused by the stress 
singularity due to the difference in material properties or the presence of cracks at the base 
of a meniscus formed where the fibre emerges from the resin. In the unloaded situation, a 
compressive fibre strain was measured due to thermal shrinkage of the matrix, which has also 
been found by Grubb and Zong-Fu Li (1994). At low applied strains where all deformations 
were elastic, a rapid decrease in strain from the point where the fibre enters the matrix block 
was found and comparison of the experimental observations with the shear-lag theory gave 
good quantitative agreement. At higher applied strains, there was a severe deviation between 
the experimental data and the shear-lag curve. The experimentally obtained decay of the fibre 
strain in the embedded part is less steep than the decay predicted by the theory, and near the 
matrix surface debonding had occurred. The experiments showed that plastic deformation 
(yielding) of the interface preceded debonding, while the model only predicts elastic defor
mation thus resulting in interfacial shear strength values that were too high. The Raman data 
together with the theoretical curve were presented in Figure 2.4b. In a subsequent paper, 
Bannister et al. (1995) considered a partial debonding model with debonding starting from 
the matrix surface, represented by a constant interfacial shear stress, and perfect bonding for 
the remainder of the embedded length, for which the shear-lag approach was used. Fitting 
this model to their measurement data, resulted in good agreement, although yielding near the 
interface was not included in the model. Using this model to predict the macroscopic pull-out 
force/displacement curve (Figure 2.4a) revealed that in the latter part of the ascending linear 
part of the curve, a stepwise or controlled debonding occurred. After reaching the maximum 
load, unstable de bonding defines the second part of the curve. 

Gu et al. ( 1995) performed tests on untreated and surface treated carbon fibre epoxy 
systems. For the untreated fibre, at higher applied strain levels, the decay of the fibre strain 
became linear, indicating de bonding with frictional pull-out. For the treated fibre a sigmoidal 
shape was found, indicating partial debonding near the surface and a yielding zone ahead of 
the debonded crack. 

2.4 The microdebond test 

Test description 
A limitation of the pull-out test is that the use of fibres with small diameters of 10 11m and 
less can lead to fibre breakage outside the matrix block if the pull-out force exceeds the fibre 
tensile strength. Therefore, short embedded and free fibre lengths are necessary to complete 
such a test successfully. This has led to the development of an altered version of the test, 
referred to as the microdebond pull-out test. 
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In the micro-debond test fine droplets of resin are applied to a fibre and allowed to cure or 
cool down. The fibre is then pulled through a gap between blades, whose spacing is normally 
controlled by a micrometer. Figure 2.5 shows a schematic representation of the test for one 
droplet on a fibre. Before loading, the fibre diameter and the embedded length are measured. 
Translation of the blades causes the microdrop to be sheared off the fibre surface and the 
force needed to debond the microdrop is recorded. 

Figure 2.5: Schematic representation of the microdebond test. 

Determination of the interfacial shear strength 
To calculate the interfacial shear strength, it is assumed that the interfacial shear stress is con
stant along the embedded length. The average shear stress is then calculated by a balance of 
forces, given in equation 2.1. The microdebond method can be used to obtain reproducible 
and sensitive measurements of the interfacial shear strength. Miller et al. (1987) have anal
ysed the influence of the embedded length on the test results. By using Kevlar fibres with a 
high tensile strength, a large range could be covered. Up to a limit, a linear relation between 
maximum load and embedded length was found. 

Causes of differences in results 
In reality the stress distribution is not constant. By performing finite element simulations of 
this test, a number of factors have been shown to affect the magnitude and location of the 
maximum shear stress (Herrera-Franco, 1992). The position of the points of contact between 
the blades and the droplet strongly influence the shear stress distribution along the interface. 
A larger gap between the blades or a slightly smaller diameter of the droplet causes a decrease 
in maximum shear stress. This factor may be responsible for the high scatter usually observed 
with these experiments. Also a meniscus will exist at the contact point of fibre and matrix, 
which influences the stress distribution and makes the measurement of the embedded length 
less accurate. 
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Rao et al.( 1991) conducted experiments with carbon fibre epoxy systems and compared 
them to fragmentation tests. A lack of agreement was found, which was attributed to the 
volatile curing agent used in this work. Measurements of the glass transition temperature 
showed that the curing stoichiometry was affected for small droplet sizes, resulting in a lower 
glass transition temperature. Therefore, this characterisation method may produce artifacts at 
small droplet sizes in systems with volatile components. 

Gaur and Miller (1989) also stated that the shear stress is not uniformly distributed but is 
concentrated at the upper part of the droplet. When a certain load produces pull-out, most of 
it has been applied to that location to produce initial bond rupture and propagation down the 
interface. A larger embedded length causes an increase in stress concentration, resulting in a 
lower interfacial shear strength value. However, the spread in droplet size was not that severe 
to cause a large variation in shear strength results. The obtained shear strength distributions 
reflected the fibre surface heterogeneity, which resulted in variations of as much as 100% 
from the average strength. 

Measurement of field information 
Young et al. (1995) have measured the strain distribution during a microdebond test for two 
types of carbon fibre. The stresses in the droplet were shown to be far from constant. The 
strain in the fibre falls with distance from the top of the droplet. For both untreated and treated 
fibres, debonding was observed, and the obtained interfacial shear strength values showed that 
the surface treatment was successful, but compared to the pull-out test the values were higher. 
Therefore they concluded that further investigation of the stress state is necessary. Analysis 
using Raman spectroscopy by Andrews et al. ( 1994) of two gripping geometries showed that 
the interfacial shear stress decays into the droplet, but the decay is much more rapid when the 
distance between the blades is smaller. 

2.5 The fragmentation test 

Test description 
In a conventional fragmentation test, a tensile specimen is used in which a single fibre is 
embedded and aligned along the tensile axis. As the single fibre composite is loaded, load 
is transferred to the fibre through shear stresses along the interphase and at some point the 
tensile strength of the fibre will be exceeded, resulting in a fibre break. Further load increase 
will lead to multiple fibre fracture, until the fibre fragments become too short to allow enough 
tensile stress to build up to cause additional fibre breakage. The resulting maximum final 
fragment length is referred to as the critical length, lc. The fragment length distribution 
can be determined by transmission optical microscopy or by acoustic emission methods. A 
schematic representation of the specimen geometry used for this test and the stress build up 
in the fibre fragments is given in Figure 2.6. These tests can be performed with a continuous 
fibre, as in the figure, or a short fibre, which is embedded in the central part of the specimen. 
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Figure 2.6: (a) Specimen geometry for the conventional fragmentation test and (b) 
schematic representation of the fragmentation process. 

Analytical shear lag model for the stress distribution in the fibre 
The property of the interphase that can be determined using this test is the interfacial shear 
strength r;. The relation between r; and the critical fibre length was first given by Kelly and 
'!Yson (1965) who assumed that the interfacial shear stress is constant along the fragment and 
equal for each fragment. A balance of forces then results in: 

(J'*r 
Tj = _f_ 

lc 
(2.7) 

where r is the fibre radius and (J'j the tensile strength of the fibre at the critical length. Under 
the assumption that the fragment lengths in the saturation state are uniformly distributed, the 
interfacial shear strength can be expressed as: 

3(J'*r 
Tj = 4 < t > (2.8) 

where < l 1 > is the mean fragment length. 
Apart from deriving interfacial properties from the saturation state, Hamada et al. (1993) 

introduced a method of evaluating the interfacial transmissibility, which was defined as the 
quotient of the fibre strength and the applied stress on the fibre at first fibre fracture calcu
lated from the macroscopic stress on the specimen. This gave the opportunity of evaluating 
interfacial properties for both ductile and relatively brittle matrices. Their results show that 
the brittleness of the matrix resin has little effect on the mechanical properties of the interface 
between a glass fibre and polyester matrices. 

The stress built up in a fibre can also be modelled using the shear-lag approach, improv
ing the constant shear stress analysis. Under the assumption that all components behave 
elastically, the fibre stress can be described by (Piggott, 1980): 

(2.9) 
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in which n is given by equation 2.3, 2L is the fragment length, -L ~ x ~ Land e1 is the 
applied strain on the specimen. Assuming no bonding at the fibre ends, i.e. a 1 = 0 at x = - L 
and x = L, the following relation for the tensile stress can be derived: 

{ 
cosh (7)} 

a! = EJ e1 1 - ( ) 
COSh nL 

r 

(2.10) 

and following equation 2.5 the interfacial shear stress can be written as: 

T 
1 sinh (7) 
-n E1 e1 ( ) 2 cosh n; (2.11) 

According to this model, the fibre stress builds up from zero at the fibre ends to a maximum 
in the central part of a fragment and the interfacial shear stress is maximum at the fibre ends 
and decreasing to zero in the centre. 

The assumptions made in the shear-lag model cannot give an accurate representation of an 
actual fragmentation test, resulting in erroneous predictions of fragment length distribution 
and maximum interfacial shear stress. Because of flaws or point defects, randomly spread 
along the length of a fibre, most high-performance fibres exhibit a variation in strength which 
causes a distribution of fibre fragment lengths. To account for this effect, a Weibull distribu
tion is often assumed. Andersons and Tamuzs (1993) propose a statistical analytical model 
to describe the fragment length distribution in a fragmentation test. 

Alternative analysis approaches 
In an experiment, the shear stress at the fibre ends will rise to such a high value that shear 
debonding at the interface, cohesive failure of the matrix, cohesive failure of the fibre or 
shear yielding of the matrix might occur depending on the relative failure strengths of the 
materials. Van den Heuvel et at . (1997a) included a yielding zone between the elastic and 
the debonded part of the interface. Numerical simulations, in which the debonded length was 
taken to be constant, showed that a higher shear yield stress of the matrix resulted in both 
smaller fragment lengths and a narrower length distribution. Observation of the fragment 
lengths after saturation in experiments with different surface treatments for carbon fibres also 
showed that the distribution was narrower for increasing surface treatment level. 

Finite element simulations in which residual thermal stresses were accounted for (Herrera
Franco, 1992) showed that the shear stress is not constant and reaches its maximum at some 
distance from the broken end of a fibre and decreases for points located further away from 
the break. The peak shear stress is responsible for plastic deformations, especially in ma
terial combinations with good adhesion, and for interfacial crack growth in weakly bonded 
systems. Transverse (radial) stresses due to mechanical loading were found to be tensile 
near the break, indicating that these stresses can contribute to the initiation of debonding, but 
the residual thermal stresses remain compressive and could cancel out some of this effect. 
Maekawa et at. (1988) performed finite element analyses of this test including an interphase. 
The elements in the fibre were assigned a tensile strength according to a Weibull distribu
tion, and the fragment length distribution during the test was studied for varying interphase 
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Young's modulus. During the fragmentation process, the variation in fragment lengths was 
found to be larger for a high modulus interphase, however, at the saturation level the differ
ence in properties did not appear. Therefore, they concluded that the critical fragment length 
is not a good measure for evaluating the elastic properties of interphases. Finite element re
sults reported by Daoust et al. (1993) showed that the shape of the fibre stress curves changed 
in the presence of a thin interphase between a glass fibre and an epoxy matrix with a Young's 
modulus of 70% of the matrix modulus. The fibre stress increases more continuously from 
the end and reaches a maximum value lower than that without an interphase present. The 
interfacial shear stress concentration at the end is strongly reduced, even if the thickness of 
the interphase was only 1% of the fibre radius. 

Optical microscopy 
The influence of silane coupling agents applied to glass fibres to improve adhesion to epoxy 
matrices was investigated by Ikuta et al. ( 1988) . By observing the fracture process under an 
optical microscope, it was found that a larger amount of coupling agent resulted in smaller 
fragments in an earlier stage of the test, although the mean fragment length after saturation 
was not changed. The interfacial reinforcement influenced the fracture process rather than 
the final fracture state. Drzal (1982) observed differences in stress transfer for untreated and 
surface treated carbon fibres by photoelastic analysis. Using these qualitative field measure
ments, for the untreated fibres interfacial failure was observed at low strain levels. The fibre 
fragments interact with the matrix only through interfacial frictional forces, resulting in a 
very low interfacial shear strength. The surface-treated fibres behaved differently, resulting 
in high shear deformations (yielding) near the interface, which was also observed by Van den 
Heuvel et al. (1997a) for similar fibre/matrix combinations. 

Measurement of field infonnation 
Using the Raman measurement technique, the axial strain distributions in the fibre fragments 
and the resulting interfacial shear stresses can be measured during the fragmentation process. 
An important advantage of these measurements is that the transfer lengths can be measured 
before saturation. Measurements performed by Jahankhani and Galiotis (1991) and Galiotis 
(1991) on a short-fibre model composite showed that after reaching a maximum interfacial 
shear stress at the fibre end, the stress at that point decreases and the maximum is then ob
tained at a certain distance from the fibre tip. This indicates debonding and therefore the 
interfacial shear stress value obtained closest to the moment of debonding was referred to as 
the interfacial shear strength of the system. Andrews et al. ( 1994) measured the stress-strain 
distribution along a Kevlar fibre in a short-fibre model composite. The fibre strain and the 
interfacial shear stress distributions near the left hand end of the fibre are shown in Figure 2. 7 
for increasing levels of applied strain. At low strain levels good agreement between shear-lag 
theory and measurements can be seen, whereas at a higher matrix strain level (c:m = 2%), the 
fibre strain increases from the fibre end at a slower rate than at lower matrix strains and the 
interfacial shear stress reaches its maximum at a distance of 200 f-lm from the fibre end as a 
result of plastic deformations of the matrix material near the fibre which is not accounted for 
in the model. The maximum shear stress value is close to the shear yield stress of the matrix, 
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which has also been observed by Young et al. (1995). 
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Figure 2. 7: (a) Fibre strain and (b) interfacial shear stress distribution near the left hand 
end of a Kevlar fibre in an epoxy matrix at increasing levels of applied strain 
(0%, 0.4%, 0.8% and 2.0%). (-)shear-lag analysis and(++. oo, **• x x) 
Raman measurements. (M. C. Andrews, 1994). 

Compared to continuous-fibre model composites the maximum shear stress in short-fibre 
model composites was found to be higher (Galiotis, 1991). The reason for this is that for 
continuous-fibre specimens only part of the fibre is used for measurements. Initially this part 
does not include a fibre end. The maximum shear stress at a fibre end formed during the 
fragmentation process is influenced by debonding accompanying fibre breakage. Melanitis 
et al. (1992) reported that in continuous-fibre specimens the average maximum interfacial 
shear stress increases with increasing macroscopic strain in spite of the debonding initiation 
at relatively low applied strains. The upper limit provided a good estimate of the interfacial 
shear strength. They also found that the strain-free regions associated with debonding for 
fibre breaks at a later stage of the fragmentation process were considerably larger than the 
propagation of debonding for older breaks. This indicates that the driving force for this type 
of debonding is the release of strain energy associated with fibre fracture. Depending on 
the amount of energy released upon fibre fracture and the level of adhesion, the microcrack 
formed can also propagate into the matrix or interphase, depending on the properties of fibre, 
interphase and matrix and the extent of damage near the fibre break (DiBenedetto and Jones, 
1996). 

Melanitis and Galiotis ( l993a) have measured the interfacial shear stress distributions 
for carbon fibres with different surface treatment level. Surface oxidation of carbon fibres 
resulted in a six-fold increase of the interfacial shear strength. Their experimental results 
showed a transition zone between debonding and elastic transfer zone, the length of which 
was constant during the fragmentation process. This length is therefore a characteristic 
for each fibre/matrix system, determined by yielding of the interphase material. Moreover, 



Characterisation methods for fibre/matrix adhesion 27 

Huang and Young (1994) reported that matrix yielding relaxes the stress on the well-bonded 
region of a fragment. 

Comparison of the maximum interfacial shear stress for an intermediate and a high
modulus carbon fibre resulted in a higher value for the 1M-fibre, which is in contradiction 
with the shear-lag analysis (Melanitis et al., 1993b). Galiotis (1993) has attributed this ef
fect to differences in interphases, such as the higher surface roughness of the 1M-fibres and 
a higher chemical interaction between 1M-fibre and epoxy resin. These differences alter the 
environment around the fibre and consequently the modulus of the interphase, of which nei
ther the magnitude nor the variation across the interphase can be easily quantified. · 

The multi-fibre fragmentation test 
Recently, the conventional fragmentation test has been extended to multi-fibre model com
posites to simulate stress concentrations, caused by fibre breaks, in real composites. For a 
small distance between the aligned carbon fibres (<3d 1) stress concentrations in fibres ad
jacent to a fibre break were found to be sufficiently high to cause fracture in these fibres, 
thus overruling the influence of the randomly distributed flaws on their strength (Van den 
Heuvel et al., 1996). For poor adhesion this interaction appeared to be more random due 
to debonding which decreases the stress concentrations in the adjacent fibres and shifts the 
position of the maximum stress in these fibres to a position away from the break, at the end of 
the debonded area. The toughness of a composite material will be increased by minimising 
coordinated filament fractures that tend to initiate cracks perpendicular to the fibre direction. 
Also for these experiments, Raman spectroscopy has improved the understanding about the 
occurring microphenomena. Chohan and Galiotis (1996) investigated the influence of inter 
fibre distance on the fragmentation process. They show stress concentrations in fibres ad
jacent to fibre breaks, which becomes less evident for fibre located further away from the 
fracture sites. Van den Heuvel et al. (1997b) also showed that the field measurements can be 
used to successfully measure local stress concentrations. Not only the fibre break, but also 
the debonding to yielding transition causes a stress concentration in adjacent fibres (Van den 
Heuvel et al., 1997c). 

2.6 The indentation technique 

Test description 
The tests described in the previous sections all have the same drawback, they consider model 
composites in stead of real composites. This limitation has been recognised, and as a result 
the indentation technique has been developed (Mandell et al., 1986), which is however less 
frequently used. In this test, single fibres perpendicular to a polished surface of a high fibre 
volume fraction composite are compressively loaded to produce debonding. The possibility 
to test real composites has the advantage of reflecting processing conditions. It can allow the 
determination of the interface strength due to fatigue, environmental exposure, or to monitor 
interface properties of parts in service. A schematic representation, representing the different 
stages in the indentation test is given in Figure 2.8. 
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Figure 2.8: Schematic representation of the indentation test. 

The indentation test can be divided into two versions. Firstly, a relatively thick specimen can 
be tested, during which the compression loads on the fibre will induce high shear stresses at 
the interface as a consequence of the difference in elastic properties. Secondly, a thin speci
men can be used to push the fibre through the specimen, which is referred to as the microin
dentation test. Before debonding occurs, this test is a hardness test on the fibre. Therefore, to 
obtain the real fibre displacement, the tip displacement corresponding to the deformation of 
the fibre surface under the diamond tip must be subtracted (Sanchez et al., 1996). This also 
limits the use of this test to composite systems with sufficiently hard fibres such as carbon, 
glass or SiC-fibres. In the pull-out technique the fibre diameter is reduced as a result of the 
Poisson effect whereas in the indentation technique the fibre expands radially owing to the 
compressive stresses. It is possible that this Poisson effect results in a slightly higher interfa
cial strength value. 

Determination of the interfacial shear strength 
For each test, the diameter of the indented fibre and the distance to the nearest neighbouring 
fibre are recorded. Large-Toumi et al. (1993) calculated the interfacial shear strength for an 
indentation test using a shear-lag analysis similar to the one describing the interfacial stresses 
in a pull-out test (equation 2.6). This analytical model predicts a maximum interfacial stress 
at the surface. Desaeger and Verpoest (1993) measured the interfacial shear stress for anum
ber of fibre/matrix combinations, and found by using a shear-lag analysis a clear difference 
between glass and carbon fibres. The adhesion of carbon fibres embedded in different matri
ces was always better than the adhesion to glass fibres. 

Finite element analysis of this test with a model including the fibre, surrounding matrix 
and average composite properties for the material at larger radial distance from the tested 
fibre have been performed for different fibre/matrix combinations by Grande et al. (1988). 
Without considering the influence of residual thermal stresses, their results show that for an 
isotropic SiC fibre in an aluminosilicate glass matrix the interfacial shear stress builds up from 
zero at the free surface to a maximum at approximately half a fibre diameter distance from 
the surface. However, for carbon-fibre systems, the transversely isotropic properties reduce 
the shear stress and spread out the stress transfer process further along the fibre. Because 
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the maximum shear stress position is close to the surface, cracks will propagate to the surface 
quickly and the load at which debonding is observed at the surface can be taken as the debond 
load. The interfacial shear strength is calculated by measuring the indentation force required 
for debond initiation and calculation of the maximum shear stress along the interface. 

To calculate the interfacial shear strength by comparison of finite element results and ex
perimental results a value for the load at which debonding occurs is required. The detection 
of debonding in an indentation test, whether by optical microscopy, scanning electron mi
croscopy or from the load-displacement data is difficult and might be a cause of variations in 
the results. In a microindentation test, the load causing initiation of debonding can be detected 
from the load-displacement curve (Netravali et al., (1989), which delivers information about 
the fibre-matrix bond strength and about frictional shear stresses after the bond has been bro
ken, and consequently continuous tests can be performed. Investigation of the shear strength 
of an interface between an E-glass fibre and an epoxy matrix was performed by assuming 
a constant shear stress along the interface. The obtained values showed that for fibres with 
an epoxy coupling agent the strength was 60% higher than those obtained for fibres without 
coupling agent. However, it was mentioned that for high fibre volume fraction composites 
the inter fibre spacing is small and the matrix constrained, which gave higher strength values. 
This indicates the necessity of finite element analysis of this test, in which the effect of fibre 
volume fraction is included. The thermal residual stresses are also important in this test. The 
inwards directed residual shear stresses at the top surface of the slice are reversed due to the 
push-out load, whereas these stresses at the bottom are increased. Consequently, for very thin 
slices, these specimens show debonding from the bottom (Dinter et al., 1996). For thicker 
slices, the residual stresses at the bottom are unchanged resulting in debonding near the top 
surface. 

Ho and Drzal (1996) examined the mechanics of the microindentation test in detail us
ing a finite element parametric study including an interphase between a carbon fibre and an 
epoxy matrix. Shear failure in the interphase will then be caused by interfacial shear failure 
between fibre and interphase and the maximum interphase shear stress at the time of debond
ing is treated as the interfacial shear strength. Their results show that the maximum shear 
stress is sensitive to changes in fibre volume fraction. A higher volume fraction results in a 
higher maximum shear stress. Although the thickness of the interphase had only marginal 
effect, the interphasial shear stress increases significantly for a higher Young's modulus of 
the interphase. 

2. 7 Techniques for the evaluation of normal properties 

Although extensive research into the nature of fibre/matrix adhesion in composite materials 
has been performed over the past decades, it seems strange that despite the importance of 
transverse debonding, the properties of the interface or interphase in normal loading con
ditions have only been studied by a small number of authors in recent years. This is in 
contrast with the fact that transverse properties are the most critical in laminated composite 
structures. A lot of work has been performed analysing transverse cracking of laminated 
composite structures, but only few micromechanical test methods have been developed. 
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The first test method, used to determine the interfacial normal strength was developed 
by Broutman (1969). An embedded single fibre specimen with a curved neck (Figure 2.9), 
loaded in compression was used to generate radial stresses at the interface, eventually leading 
to debonding. The determination of interfacial failure was performed by observing fracture 
through a transparent matrix. Because of stress gradients present, relatively small portions 
of the interface fail initially. Consequently, determination of the debond load externally was 
found to be inaccurate. This method could only be used for relatively weak fibre/matrix adhe
sion and the developments of surface treatments, leading to an improved adhesion, resulted in 
compression failure of the specimen before de bonding initiated. For this reason, this method 
is out of use. 

fibre 

Figure 2.9: Embedded single fibre specimen for the determination of the interfacial nor
mal strength (L. J. Broutman, 1968). 

Zhang et al. (1997) have introduced a test method to study interfacial debond growth 
at single fibres in transverse tension. They state that in the free edge region the stress level 
is elevated and the stress state is triaxial and of significant complexity. For a quantitative 
analysis of debonding a simpler stress state was desirable, and for this purpose fragmentation 
tests were performed to introduce fibre breaks with associated debond cracks of known size. 
By loading the obtained specimen perpendicular to the fibre direction and monitoring the 
extension of the debond crack with an optical microscope as a function of the global load, 
fracture mechanics criteria were tried to be derived. A condition for the application of this 
method is that the matrix is transparent. Testing of a surface treated and an untreated glass 
fibre revealed differences in debond growth and the stresses at which this was observed. For a 
given treatment, the resistance of the interface to de bond growth showed variations, probably 
due to local variations in interfacial toughness. A debond crack was observed to first grow 
in circumferential direction until a critical debond angle was reached, after which the crack 
grows also in the fibre direction. In a subsequent paper, Varna et al. (1997) analyse these 
experiments to obtain interface toughness parameters. The advantage of this method is that 
the mechanical behaviour of an interface after debond initiation can be analysed, however, a 
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value for the interfacial normal strength which determines the initiation of debonding can not 
be determined. 

Gundel et al. (1995) also report that the stress at which the interface debonds in normal 
loading conditions is a critical parameter that can limit the application of titanium-matrix/SiC 
fibre composites. They discuss a tensile stress irregularity near the free surface of unidirec
tional composite specimens for transverse loading. A de bond crack, therefore may initiate at 
the surface and, with its associated stress concentration at the crack tip, propagate into the 
sample interior under lower applied loads than those required to initiate a crack in this part. 
Consequently, surface observation techniques, combined with strain gage measurements in 
uniform-gage specimens may underestimate the actual bond stress. A new specimen geome
try has been introduced, that allows a transverse stress to be applied to the interface without 
loading the interface near the free surface. This so called 'single-cross' specimen is given in 
Figure 2.1 0. 

fibre 

Figure 2.10: The 'single-cross' specimen/or determination ofthe transverse loading re
sponse of single-fibre composites (D. B. Gundel, 1995 ). 

The single fibre runs parallel to the x-axis, and a tensile load can be applied to the horizontal 
gage section, along the z-axis. The central portion of the interface is designed to be highly 
stresses during the test, thereby forcing debond initiation and propagation in the centre, away 
from the free edges. Two techniques can be employed to investigate the stress required for 
debond initiation. Firstly, strain measurements on the surface directly above the fibre, and 
secondly, acoustic emission. The Uyy stress in the central portion of the vertical part of 
the specimen, as determined by an analytical solution, is equal to the applied stress by the 
horizontal part, and decreasing for larger distances to the centre. By monotonically increasing 
the load on the specimen and recording the local strain and acoustic emissions, the moment 
at which debonding initiates can be determined. This value of the global load is then used to 
calculate the radial interface stresses with a finite element model of the specimen (Warrier et 
al., 1996a; Warrier et al., 1996b ), in which the mechanical properties of fibre and matrix are 
known, and an assumption for the properties of the interphase was made based on the main 
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constituent materials. The stresses reach their maximum value at the poles (0° with respect 
to the tensile axis), and considering the known values of the residual thermal stresses, a first 
estimate of the interfacial normal strength was proposed based on failure under a maximum 
radial stress criterion. The strength of the interface was incorporated into the numerical model 
to determine the stress distribution and the extent of debonding in the specimen. 

2.8 Concluding Remarks 

The characterisation methods presented in this chapter all have as their goal to find param
eters describing the constitutive behaviour of the interface or interphase. However, most of 
these methods concentrate only on the strength of the interface and moreover only on the 
shear strength. Although in some cases the importance of the Young's modulus of the inter
phase has been recognised, for example the higher interfacial shear strength of intermediate 
modulus carbon fibres with respect to the high modulus carbon fibres, none of the methods 
can provide information on the Young's modulus, strength and frictional behaviour of an 
interphase. 

For the pull-out test, microdebond test and the fragmentation test, it has been shown that 
considerable improvements were achieved by directly measuring field quantities, i.e. the fibre 
strain, during the tests. These measurements gave insight in phenomena such as debonding, 
yielding of the interphase and elastic stress build-up in the interphase, such that more accu
rate values for the parameters describing the behaviour could be obtained. By using carbon, 
aramid or other highly oriented polymeric fibres, insight can be gained in the microphenom
ena that play a role in the stress transfer, but a shortcoming of Raman spectroscopy is that not 
all fibres can be used. For example the Raman frequency peaks of amorphous glass fibres, 
which are widely used in composite applications, are insensitive to deformation. 

The characterisation method presented in this thesis attempts to first characterise the elas
tic properties of interphases in transverse loading conditions, and secondly the strength will 
be measured. An important aspect in this method is the measurement of field quantities. Us
ing this approach, an important part of the complete constitutive behaviour of interphases can 
be obtained. 



3 A Measurement Technique for the 
Microscale 

3.1 Introduction 

New methods are coming available to determine the mechanical properties and to obtain 
reliable constitutive data for materials with complex inhomogeneous behaviour such as com
posite materials. To apply these methods, which are based on the use of field quantities, new 
experimental techniques are needed to determine strain fields on a scale of microns. 

In recent years, increased attention for microphenomena in composite materials has re
sulted in an increased use of microscopy techniques in a wide range of experiments. For 
example, optical microscopes in combination with miniature tensile stages are used to study 
fibre breakage and the growth of debonding cracks along fibres in single and multiple fibre 
fragmentation tests (DiBenedetto and Jones, 1996; Van den Heuvel et al., 1996). Especially 
in combination with Raman spectroscopy, optical microscopy has led to an increased under
standing of microphenomena during longitudinal loading of composite specimens (Young, 
1995). Daniel et al. (1990) used the optical microscope to study the failure process of uni
directional composites under transverse and longitudinal loading. Using such techniques 
a qualitative understanding of microphenomena can be obtained, but for quantitative mea
surements of microscopic strains Scanning Electron Microscopy (SEM) is a more suitable 
technique, because of its high resolution and large depth of field. In-situ observation of frac
ture and damage propagation in ceramic matrix composites using a SEM has been performed 
by several researchers (Shercliff et al., 1994; Dalmaz et al., 1996). Scanning electron mi
croscopy also offers the opportunity to use the electron beam to produce line or dot patterns 
on the surface of a specimen, which can be used to measure deformation of the material dur
ing loading of the specimen (Bradley and Cohen 1985; Bradley, 1989; Corleto et al., 1996). 
Dot maps created by the electron beam on polymer matrix composites have been introduced 
by Hibbs and Bradley (1987). The technique of obtaining markers on the surface of glass
and carbon-fibre-reinforced epoxies, as used in this research, is based on earlier work of the 
group of Bradley, and the measurement of displacements will be described in this chapter. 
Section 3.2 describes a number of techniques which have been developed to measure mi
croscopic deformations. In Section 3.3 two techniques for applying dots to the surface of a 
composite are outlined. Relative displacements between the dots of a dot-map are measured 
during the experiments. In this study, experiments were performed in the vacuum chamber 
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of a SEM, using a specially designed tensile stage. The tensile stage is elucidated in Section 
3.4, and the materials and miniature composite specimens used for transverse tensile testing 
are described in Section 3.5. The resolution and the accuracy of these measurements will be 
discussed in Section 3.6. Finally, in Section 3.7, some conclusions are given. 

3.2 Microscopic measurement techniques for composite applications 

Although detailed theoretical models of the micromechanical behaviour of composites are 
widely used, their validation is often based on macromechanical observations. Generally, the 
influence of the microscopic structure on macroscopic structural properties are predicted by 
finite element simulations of a simplified geometry based on a regular packing of fibres. The 
demonstration of the usefulness of such models does not constitute proof of their microme
chanical assumptions. Increased understanding of microphenomena in composites requires 
information about microscopic strain fields. In this section four techniques are described 
which can be used to determine displacement and strain fields in areas typically of the size of 
several fibre diameters. 

The stereo imaging technique is used to study crack tip deformations in homogeneous and 
composite materials (Williams et al., 1980). This technique is based on the analysis of two 
SEM-photographs of a region under different loading states. In-plane displacements are mea
sured at specified locations on the nearly identical photographs. Therefore, a number of sur
faces are created by looking at features within areas surrounding the locations at which a 
measurement is to be made. An image processing system then performs a cross-correlation 
and finds the closest equivalents on the second photograph. In this process, great care has 
to be taken to keep the photographed area of the specimen as constant as possible, and to 
use exactly the same magnification in each case. Also, high resolution photographs with a 
high density of well-defined surface features have to be obtained. Franke et al. (1991) have 
automised this method, and used it to determine microscopic displacements around a crack 
tip in an aluminium alloy. This technique has also been used to study deformations in metal 
matrix composites and ceramic matrix composites (Davidson et al., 1989; Rousseau et al., 
1994). In-plane displacements ahead of crack-tips in areas of approximately 60x60 pm2 

could be measured, and used as a basis for micromechanical model predictions. 

Electron Beam Moire has been used by Dally and Read (1993) in homogeneous and inhomo
geneous materials like glass-fibre-reinforced polymers to measure microscopic deformations. 
Electron beam Moire is similar to optical Moire except that an electron beam is used to pro
duce the line gratings and a scanning electron beam is then employed to generate the fringe 
pattern. As a result this method avoids the limits imposed on optical methods of Moire by the 
wavelength of light. For application of this technique, specimens are prepared in a number of 
steps. First, a gold-palladium coating is applied to the specimen, after which the specimen is 
coated with polymethylmethacrylate (PMMA) which serves as an electron beam resist. After 
placing the specimen in a SEM, patterns can be written in the PMMA resist. Parallel line pat
terns with pitches as small as 50 nm can be written, producing line arrays with frequencies 
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of 20000 lines per millimeter. Finally, the resist is etched and again coated with Au-Pd to 
protect the remaining resist. By loading the specimen in a SEM, Moire fringe patterns can be 
produced when the pitch of the raster scan in the SEM is approximately equal to the pitch of 
the line gratings. Read and Dally (1994) used this technique to measure deformation in lam
inated composites of glass-fibre-reinforced epoxy. Local strain field measurements around 
an interface between a cross-ply and a longitudinal ply were made by converting the Moire 
fringe patterns to quantitative deformation values over areas that vary in size from I 0 x I 0 to 
30x30 J.tm2

• 

Speckle Interferometry with Electron Microscopy (SIEM) is a noncontact measurement tech
nique which has been used to measure microdisplacements in metal matrix composites (Wand 
and Chiang, 1996). SIEM combines speckle photography, electron microscopy and digital 
image processing. To quantify the deformation during a tensile test in a SEM, a random 
speckle pattern, with proper particle size, is deposited on a specimen surface, by vacuum 
evaporation. In the experiment, an area of the specimen is selected, and at several load steps 
the speckle pattern is recorded. The intensity of each speckle pattern is digitised, after which 
data acquisition compares two patterns (Chen et al., 1993). The two patterns are first seg
mented into small subimages, and each subimage is analysed by a fast-Fourier transform. 
From the spectra in the undeformed and the deformed situation, a resultant spectrum is con
structed, from which the local displacement vector at the subimage location of the object is 
determined. This technique is used by Wang and Chiang ( 1996) to determine the deformation 
in the neighbourhood of an interphase region in a silicon-carbide-fibre-reinforced titanium 
matrix composite. The results of the measurements are related to the mechanical behaviour 
of the interphase. 

A number of techniques to measure microscopic deformations rely on grids or lines on the 
surface of specimens. One of these grid methods has been developed by Maruyama et al. 
(1996) who mapped the deformation ofthe surface of a single silicon carbide fibre titanium 
alloy composite, loaded perpendicular to the fibre direction. A grid was applied to the surface 
by physical vapour deposition of aluminium through a metal mask with square holes of 8 x 8 
J.tm2 spaced 12.7 J.tm apart. Experiments under an optical microscope and digital image 
processing resulted in displacements near the transversely loaded fibre (diameter 140 J.tm). 
Takeda and Ogihara ( 1997) use a photolithography technique, in which first a specimen is 
coated with resist, after which the surface was exposed to light through a glass plate with 
micro-lines. Then the exposed part of the resist was removed in a developer, and vacuum 
evaporated metal was deposited on the surface. Finally, the remaining resist was removed 
in a solvent, resulting in microlines with a minimum reproducible spacing of 1 J.tm. These 
lines were used to study shear deformations between plies in a carbon-fibre-reinforced epoxy 
cross-ply laminate. Briancon et al. ( 1996, 1997) use the electron beam of a SEM, to produce 
grids with a procedure similar to the one used for electron beam Moire. Lines with a width of 
0.1 J.tm were used to make a 0.6 pm grid mesh on the surface of composite compact tension 
specimens. Local deformations near the crack tip were measured during experiments in a 
SEM. 
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In the next section, a technique of producing dot maps with the electron beam of a SEM 
will be described. This technique has the advantage that it can be used to measure deforma
tions in materials that are not electrically conductive, without the application of additional 
(PMMA) coatings next to the standard gold-palladium coating. 

3.3 Creating dot maps with the electron beam of a SEM 

A method has been developed in which it is possible to conduct near real-time measurements 
of local deformations in composite materials. A dot -map on the surface of test specimens can 
be generated in the SEM, as is described in this section. Following mapping, the specimen 
can be loaded using a tensile stage, and images of the dot map can be recorded for subsequent 
calculation of displacements. In this research, a Cambridge Stereoscan 200 SEM was used. 
Although the principle of obtaining markers is the same for every SEM, the optimal settings 
can vary for different microscopes. For analysis in the SEM, polished composite specimens 
were used. To avoid charging, a ± 100 A thick electrically conductive gold-palladium coating 
was applied to each viewing surface. 

Corleto et al. (1996) described a technique to obtain dot maps using the electron beam of 
the SEM. To measure strain fields around crack tips in epoxy resin and ahead of crack tips 
during fracture toughness tests on unidirectional carbon-fibre-reinforced composites, small 
holes were burned in the Au-Pd coating. To burn one hole, the SEM was operated in spot 
mode (freezing the electron beam on one spot of the specimen), with the settings adjusted 
to give a beam of high intensity. Due to the relatively low magnification (500X) to obtain 
this intensity, the minimum size of the holes was limited resulting in holes with a diameter of 
0.5-1.0 Jlm. 

Figure 3.1: A layer of contamination on the surface of a glass/epoxy composite. 
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The characterisation of microphenomena such as the stress transfer through the interphase 
in transversely loaded composites requires finer markers so that the area covered with the dot 
map can be reduced to about 20x20 p.m2. In this section two types of smaller markers 
which can be created using the beam of a SEM will be described. Smaller markers can be 
obtained when the SEMis used at higher magnifications (>5.000X), where the surface of the 
specimen becomes coated with a dark layer of pollution present in the vacuum chamber of 
the SEM. Using a magnification of 30.000X for 5 minutes and reducing to 9.260X gives an 
area covered with contamination on top of the gold-palladium sputter coating, as is shown in 
Figure 3.1. This contamination has a relatively high coefficient of thermal expansion, which 
can be exploited when the SEM is used in spot mode. The electron beam then locally heats 
the contamination layer, which expands, resulting in a local raised dot on the surface, seen as 
a white spot. 

Figure 3.2: Example of a marker field of raised dots on a glass/epoxy composite 

Repeating this procedure produces a marker field on the surface of a composite (Figure 3.2). 
The dots are placed on a part of a fibre cross-section and on the matrix. The diameter of 
the dots in Figure 3.2 is 0.2 p.m. In Figure 3.2 also the non-heated contamination layer can 
be distinguished. To obtain this marker field of lOx 10 raised dots, this area was viewed for 
more than 100 times 60 seconds, which also at this magnifications leads to a large amount of 
pollution on the surface. The raised dots are obtained with an acceleration voltage of 1 OkV, a 
magnification of 1 O.OOOX, a dwell time of 60 seconds, and the resolution of the SEM adjusted 
to give a spot size of approximately 0.2 p.m. The raised dots produced with this procedure 
can be as small as the spot size of the beam. In general, the beam spot size depends on the 
type of filament in the SEM, and on the settings of the SEM. For a given acceleration voltage, 
the spot size can be adjusted with the resolution: a higher resolution results in a lower probe 



38 Chapter 3 

current and a smaller spot size. With a higher acceleration voltage a smaller spot size can be 
achieved. Unfortunately, this also results in a higher intensity of the beam, which can damage 
the surface layer of the specimen. In this work, a low voltage combined with a high resolution 
has been used to minimise the damage to the specimen surface. Combined with these settings 
of the SEM, the focus and stigmation have to be optimised to obtain circular markers. 

Dot maps consisting of raised dots have been produced and tested on neat resin specimens 
in order to test their applicability for the measurement of displacements during loading. The 
specimens were polished to a grit size of 1flm using standard metallographic polishing tech
niques. In the experiments, the spacing between the markers has been varied systematically 
from 10 flm to 0.5 fLm. A marker distance ofless than 2 flm did not result in any deformation 
of the dot map although macroscopic plastic deformation and the formation of a yield zone 
did occur. An explanation for this could be that not only the area covered by the white spot, 
but also an area surrounding this spot has expanded due to heating. At a distance of less than 
2 flm between the spots, these areas overlap, and as a result, the whole area covered by the 
marker field has expanded and is separated from the specimen surface. 

Figure 3.3: Example of a marker field of black spots on a glass/epoxy composite. 

To measure displacements with a smaller marker spacing, the procedure to obtain markers 
was adjusted. A raised dot can be obtained without the presence of a distinct contamination 
layer as in Figure 3.1. The layer in Figure 3.2 is the result of viewing this area for the time 
needed to produce this marker field. This indicates that operating the SEM in spot mode for 
one minute, at a magnification of 10.000X, first concentrates an amount of contamination on 
the surface, which in the second stage is heated to form a raised dot. Using the same settings, 
but reducing the dwell time, results in a different marker: a black spot. The beam is now only 
used to concentrate an extra amount of contamination to one spot on the specimen surface. An 
example of a marker field consisting of these black spots is given in Figure 3.3. The settings of 
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the SEM used to obtain these markers were 10 kV, lO.OOOX, and the resolution was adjusted 
to give a spot size of about 0.2 pm. The dwell time varied for different specimens between 5 
and 10 seconds. In the characterisation of rnicrophenomena described in this thesis, dot maps 
consisting of these black spots have been used. 

Displacements are measured by comparing the coordinates of the dots in the reference and 
the deformed situation. In the next section, the tensile stage used to deform the specimens is 
described. 

3.4 The tensile stage 

As described in the introduction, transverse tensile tests on single fibre model composites and 
high fibre volume fraction composites are used. The tests are carried out in a SEM using a 
specially designed and built tensile stage shown in Figures 3.4 and 3.5. 

Figure 3.4: Picture of the Cambridge stereoscan 200 SEM with the tensile stage attached 
to the door of the vacuum chamber. 
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The tensile stage is designed to operate inside the vacuum chamber. For this purpose, the 
stage is mounted on a standard door of the SEM and thus can be mounted easily by exchang
ing the doors. The stage can be translated horizontally by screws on the outside of the door, 
without changing the load applied to a specimen. The motor driving one of the two heads, 
on which the specimen grips can be placed, is adapted to work in a vacuum environment. 
Grips consisting of two profiled tabs are used to clamp specimens, which can be loaded by 
prescribing an elongation rate between 0.01 and 0.70 mm·min-1

. The apparatus is equipped 
with a strain-gauge load cell monitoring the load (maximum 2000 N) on the specimen. 

Figure 3.5: Picture of the tensile stage with a composite specimen in the grips. 

Before positioning the specimens including the specimen grips in the stage, they can be 
aligned in a grip holder shown in Figure 3.6. Monotonic tensile experiments can be car
ried out during which a marker field can be viewed and stored with the SEM. The load is 
increased stepwise and at each step the stage-motor is stopped and the dot map is monitored 
after the load has stabilised. 
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Figure 3.6: Picture of the specimen holder with grips and specimen which was used to 
align the specimen grips before the specimen was placed in the stage. 

3.5 Materials and Specimen Preparation 

To observe microscopic displacements in-situ during experiments in the SEM, dumpbell 
shaped miniature specimens with a small gauge length were designed. Due to the high mag
nification used to monitor an area including one or a few fibre cross-sections in the trans
verse experiments, the size of the area under observation is very small. The geometry of the 
specimens was taken such that macroscopic failure occurs within the gauge length, in the 
neighbourhood of the observed area. The geometry is shown in Figure 3.7. 

View of the polished .!). section during loading 
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Figure 3. 7: Specimen geometry for tensile tests in the SEM 

The gauge section of this specimen is 1 x 4 mm2 and the gauge length is approximately 2 mm. 
1\vo types of specimens were used: high fibre volume fraction composites and single fibre 
model composites. The measurement technique presented in this chapter can be applied to 
'real' composites, i.e. composites with a high fibre volume fraction and non-regularly packed 
fibres. Local deformations can be measured around one or several fibres in such a composite. 
For the determination of the interfacial normal strength, where the location of the onset of 
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debonding between fibre and matrix needs to be known (Chapter 5), single fibre specimens 
were designed. 

3.5.1 High fibre volume fraction composites 

For the characterisation of interphases, high fibre volume fraction composites were fabri
cated using the filament winding technique. The used epoxy system is a combination of a 
2-functional curing agent (2,6-dietylaniline, DEA, Perstorp Analytical) and a 4-functional 
curing agent (diethyltoluene diarnine, DETDA, Lonza Ltd.) with a standard 2-functional 
epoxy resin (diglycidyl ether of bisphenol A, DGEBA, Shell Epikote 827). The failure strain 
of this material can be varied by changing the curing agent weight ratio. A relatively larger 
amount of 2-functional curing agent results in a lower cross-link density, yielding a higher 
failure strain. The influence of the matrix failure strain on the micromechanical behaviour of 
composites will be described in Chapter 7. 

Composite plates were fabricated by wet-winding of E-glass fibres on a frame. After 
winding, the impregnated tows were degassed in a vacuum oven at 60°C for 30 minutes to 
obtain a void free composite. Plates were prepared by positioning the frame in an open-ended 
mould and placing the whole assembly in a hot-press. The plate thickness and fibre volume 
fraction were controlled by metal stops of the required thickness, while during hot pressing 
excess resin was squeezed out through the open ends of the mould. After curing at l20°C 
for 8 hours, the plate was post-cured for 12 hours at 180 °C. This manufacturing procedure 
resulted in a flat plate of 160x 220x 1 mm3 with a fibre volume fraction of approximately 
50%. 

Figure 3.8: Low magnification image of a cross-section of a high fibre volume fraction 
glass fibre I epoxy composite. 
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Using a diamond cutting wheel, the plates were cut into rectangular specimens, each with a 
length of 30 mm and a width of 10 mm. The dumpbell shape of the specimens was obtained 
using a special grinding device, which was also used to polish the curved edges. For view
ing in the SEM and to avoid the influence of surface flaws during experiments, both curved 
edges of the specimens were polished, first using water-lubricated abrasive papers ending 
with 6 f-Lm grit. The final polish was performed by finishing with a solution containing 1 f-Lm 
diamond particles. Figure 3.8 shows (part of) the polished gauge section of a specimen, in 
which the circular cross-sections of the glass fibres are clearly visible. The micrograph shows 
the non uniformity of fibre spacing. The diameter of these fibres generally varies between 10 
f-Lm and 15 f-Lm. Micromechanical modelling of unidirectional composites is usually based 
on a simplified geometry, assuming the fibres to be regularly packed in a square or orthog
onal array: Although these models can predict an influence of microscopic changes on the 
macroscopic properties in a qualitative way, they cannot be used to quantify micromechani
cal parameters such as the Young's modulus of the interphase. Measurement of microscopic 
deformation can solve this problem. The stress-strain state around one fibre in the composite 
is determined by the presence of neighbouring fibres and will therefore be different for each 
fibre. In this study, the measurements are also used to model the stress-strain state accurately 
(Chapter 4), such that geometric assumptions are not needed. 

3.5.2 Single Fibre Model Composites 

The determination of the interfacial normal strength was carried out with single fibre model 
composites reinforced with E-glass fibres or carbon fibres. Although the stress state around a 
single fibre is not representative for 'real' high fibre volume fraction composites, these model 
composites are often used to develop new fibre surface treatments and to obtain a better 
understanding of composite failure in longitudinal and transverse loading directions. The 
translation of results obtained with single fibre techniques to properties of composites with 
a high fibre content is difficult because the stress state is not exactly known. Measurement 
of deformation during tests on single fibre specimens can give more information about the 
stress state. For example, Raman spectroscopy has proved to be a successful technique to 
measure the stress in longitudinally loaded single and multiple fibre model composites. The 
measurement technique described in this chapter can give more information about the stress 
state in transversely loaded model composites. 

Figure 3.9: Specimen geometry and fibre position in a single fibre specimen 
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For the matrix material, an epoxy system consisting of a common diglycidyl ether of Bisphe
nol A (DGEBA, Ciba Geigy, LY 556) and a stoichiometric amount of of poly(oxypropy
lene)tri-amine curing agent (Texaco Jeffamine, T-403) was chosen to obtain lower cure and 
post-cure temperatures with respect to the matrix used for the high fibre volume fraction spec
imens. The geometry of the specimens was similar to the high fibre volume fraction speci
mens (Figure 3.8). A single fibre was positioned and fixed in the cavity of a dumpbell-shape 
silicone mould. After degassing, the resin mixture was carefully injected into the mould with 
a syringe. The samples were cured at room temperature for 24 hours, and post-cured at 75°C 
for 16 hours, resulting in a model composite with the fibre positioned vertically in the centre 
of the gauge section. The curved edges of the specimens were polished carefully until both 
fibre ends were free of surface damage. Figure 3.9 shows the geometry of such a specimen 
and the position of the single fibre. 

3.6 Determination of marker coordinates 

Transverse tensile tests were carried out in the SEM. Viewing areas were selected in the 
gauge section of the specimens such that it contained an undamaged fibre area for the high 
fibre volume fraction specimens, or the only fibre present in the single-fibre composites. A 
dot map was placed in this viewing area on a part of a fibre and the surrounding matrix mate
rial. Monotonic tensile tests were carried out during which the motor of the tensile stage was 
stopped at increasing load levels to store images containing the marker grid. The positions 
of the markers were stored in digitised images of 768x576 square pixels with grayvalues 
between 0 and 255. 
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Figure 3.10: Isolating the black spots in digitised images. (a) part of a digitised image of 
black spots on a glass/epoxy specimen; (b) the isolated markers 



A Measurement Technique for the Microscale 45 

The TIM-windows image analysis system (TIM-windows, 1996) was used to determine the 
coordinates of the markers for each digital micrograph. To determine the coordinates, the 
markers had to be isolated from the image. This was achieved by applying a uniform filter 
to the image to minimise the difference in gray values between fibre and matrix, and to filter 
out other details that contain more pixels than the markers. After filtering, the image was 
simply thresholded to isolate the markers. Figure 3.10a shows a part of a digitised image 
(200x200 pixels) from which, after filtering and thresholding, only the black spots remain 
(Figure 3.10b). In this example, the isolated markers each contain about 10 to 12 pixels, and 
in this image the magnification was 2.730X resulting in a pixel size of 57.8 nm. The coor
dinates of a marker are defined to be its centre of gravity. The theoretical accuracy of the 
coordinates depends on the magnification used to cover the marker grid. For a lower magni
fication, the number of pixels in each marker would be less, and the accuracy of the centre of 
gravity will also be less. Due to deformation of specimens during loading, it can be necessary 
to adjust the focus of the SEM, which in tum can lead to a different magnification at which 
the image is stored. Consequently the size of a pixel changes. Therefore, the coordinates 
needed to be transformed from pixels to micrometers by determining the pixel length of the 
scalebar of the image. In Figure 3.3, at a magnification of 4.490X, the length of the scalebar 
is 10 Jtm, which results in a pixel size of 28.4 nm. 
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Figure 3.11: Histograms of the distribution of the difference in distance between the 
markers by variation of experimental operations. 

In practice a number of parameters can influence the accuracy of the measurements. As 
described in Section 3.3, the SEM settings used to obtain the markers were a high resolution 
and a low acceleration voltage. This resulted in a relatively large amount of noise in the 
images. To minimise this noise, the contrast of the SEM was lowered, and slow scan rates 
were used to store the images. Apart from the noise, experimental operations such as change 
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of magnification, variation of magnification, adjustment of focus, and translation of the tensile 
stage could influence the accuracy of the measured coordinates. The influence was checked 
for a marker grid of 8 x 7 makers which was repeatingly stored after performing the mentioned 
operations. The magnification was 2.600X, except for four images were the magnification 
was changed to 2.100X. In total 15 images were stored, of which the coordinates of the 
markers were determined. Subsequently, the distances of all markers with respect to the 
lower left marker and the difference of these values with respect to the average distances were 
calculated. The histogram of the 840 variations to the mean distances is given in Figure 3.11. 
For all experimental operations, the difference between the coordinates and the average was 
between -60 and 60 nm, so that it can be concluded that the inaccuracy of the coordinates 
is smaller than the pixel size, which was 60 nm for this magnification. For a markergrid 
with a size of 15 x 15 Jlm, these values imply an inaccuracy in the global strain of 0.25%. 
The accuracy could be improved when a higher magnification is used, resulting in a more 
accurate centre of gravity of the individual markers, however, the main part was caused by 
the inaccuracy of the scanning device of the SEM. 

3. 7 Conclusions 

The microscopic measurement technique described in this chapter can be used to measure 
displacements in the vicinity of an interface or interphasial region during transverse loading 
of unidirectional composites. A displacement field can be measured by comparison of the 
coordinates of a set of markers in the deformed and the undeformed situation. The markers 
on the surface of a miniature composite specimen are obtained using the electron beam of a 
SEM. Raised dots can be obtained by local heating and expansion of contamination, whereas 
black spots are obtained by concentration of contamination at one spot on the surface. Speci
mens consisting of high fibre volume fraction composites and single-fibre composites can be 
tested with a specially designed tensile stage which can be placed inside the vacuum cham
ber of the SEM. Marker coordinates can be determined from directly digitised images and 
the uncertainty in the marker location was found to be less than the pixel size. 



4 The experimental-numerical method* 

4.1 Introduction 

Although there have been many attempts to develop a method for the characterisation of 
interphases in 'real' composites with high fibre volume fraction, a suitable technique has not 
yet been found. However, the availability of such a method would offer the possibility to 
evaluate the influence of processing conditions, composite microstructure and the adhesion 
between fibre and matrix on composite performance. The problems in finding an accurate 
description of interphase properties in 'real' composites are mainly due to the inhomogeneity 
ofthe material, i.e. the high stiffness ratio between fibres and matrix and the inhomogeneous 
fibre distribution in a composite structure. This leads to high stress and strain concentrations 
during loading that are strongly dependent on the local geometry and material properties. 
Therefore, small errors or simplifications of these local variables, e.g. assuming a periodic 
fibre packing, cause a large scatter in results. 

The methods which have been developed to characterise interphases generally rely on 
experiments with single or multi-fibre model composites. As described in Chapter 2, these 
methods mostly characterise the interphase in shear loading conditions and result in a value of 
the interfacial shear strength only. Although these methods can measure an improved level of 
interfacial adhesion in case of e.g. fibre surface treatment and sizing, they often give different 
results for identical fibre-matrix combinations (Pikethly et al., 1993). The scatter in values 
for the interfacial shear strength can be caused by two factors. Firstly, the properties of an 
interphase are not constant for a given fibre, surface treatment, sizing and matrix combination 
as they can vary from filament to filament and along the length of a single filament. Secondly, 
the lack of understanding about the stress-strain state in the different experiments leads to a 
translation of test results to interphase properties that are often based on assumptions about 
the material properties and analytical equations. These simplifications do not give an accurate 
description of the local stresses and strains in the experiments. 

A significant improvement has been achieved with the development of laser Raman spec
troscopy, which can be used for the measurement of fibre strains in model composites. How
ever, this technique has not been used to evaluate the elastic properties of the interphase. 
Furthermore, because transverse properties greatly affect the properties of laminated com-

"This chapter has been partly reproduced from Composites Part A, P. F. M. Meurs, P. J. G. Schreurs, T. Peijs 
and H. E. H. Meijer, Characterisation of interphase conditions in composite materials, Vol. 27 A, No. 9, 1996, 
pp. 781-786 
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posite structures since failure initiation originates from the transverse plies, the properties of 
interphases in normal loading conditions are of even greater importance than the shear prop
erties. In this study, a method has been developed which is based on the combination of local 
deformation measurements and numerical simulation of these experiments. 

In general, mixed experimental-numerical approaches are applied to identify material pa
rameters in experimental situations where homogeneous stress and strain fields cannot be 
achieved, or for materials for which it is inconvenient or even impossible to perform stan
dard tests. The material identification from non-standard tests is known to give satisfactory 
results, particularly if the field information is inhomogeneously distributed (Hendrix, 1991; 
Van Ratingen, 1994 ). Inhomogeneous strain fields contain more information about the mate
rial behaviour than homogeneous fields, which is, together with the freedom in experimental 
setup, the reason that mixed approaches are also being used to characterise homogeneous ma
terials with non-standard specimen geometries (Meuwissen et al., 1997a; Meuwissen et al., 
1997b). These geometries cause inhomogeneous deformation of the material and the field 
information is used in combination with the sample-boundary information to obtain material 
parameters which are difficult to determine in standard tests. 

The measurement technique described in the previous chapter can be used to obtain field 
information during transverse loading of unidirectional fibre-reinforced composites. Dis
placements of material points are measured in the vicinity of an interphase, typically in an 
area of 20 x 20 micrometers, including part of a fibre, an interphase and the bulk matrix. 
As a result, the measured displacements obtain information about the mechanical properties 
of all constituents of the composite. The results of these experiments are directly coupled 
to numerical finite element simulations, which are combined with an estimation algorithm 
to determine material parameters of interphases. The mixed experimental-numerical method 
and the numerical modelling of the experiments are discussed in this chapter. Section 4.2 
describes the method in general terms. The numerical modelling of the measurements is dis
cussed in Section 4.3. The stress state in the vicinity of an interphase near the surface of a 
specimen is found to be three-dimensional. In Section 4.4, experiments are described for the 
validation of these numerical results. The estimation of interphase conditions is discussed 
in Section 4.5, and the influence of measurement noise and the experimental set-up, includ
ing the dimensions of the marker grid and the distance between the markers are described in 
Section 4.6. Finally in Section 4.7, some conclusions are offered. 

4.2 The mixed experimental-numerical method 

The method, proposed by Hendrix (1991) is based on the combination of displacement mea
surement, finite element modelling, and parameter estimation. Figure 4.1 shows a schematic 
representation of the method. Displacements of markers at the surface of a composite speci
men are measured during tensile tests in the SEM. A finite element model of the experiment, 
for which the geometrical and loading data are retrieved from the marker coordinates and 
displacements, respectively, is used to calculate the displacements. Measured and computed 
displacements are compared and their difference is used to adjust the parameters describ
ing the constitutive behaviour of the material. Symbol H in Figure 4.1 will be discussed in 
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Section 4.2.2. 

Figure 4.1: Schematic representation of the mixed experimental-numerical method. 

Unidirectional high fibre volume fraction composites, such as fabricated by the filament 
winding technique are inhomogeneous because of the stiffness ratio of the constituents and 
because of the inhomogeneous fibre distribution. Consequently, the field information mea
sured in the vicinity of an interphase is inhomogeneously distributed. By using fibres and 
bulk-matrices, of which the mechanical properties are known, attention can be focused on the 
interphase. 

4.2.1 Finite element modelling 

The finite element analysis of an experiment requires modelling of the geometry, boundary 
conditions and material behaviour of the fibre, matrix and interphase. The mechanical be
haviour of the glass-fibres and bulk matrix can be determined from standard macroscopic 
experiments, so that the attention of the experimental-numerical approach can be focused on 
the interphase between fibre and matrix. 

Numerical simulations of transversely loaded composites are usually performed using 
plane strain or generalised plane strain conditions, and based on a simplified geometry con
sisting of a repeating unit with the fibres in either a square or an hexagonal array. Hence, 
the fibres in the composite are assumed to be homogenously distributed. As a result, a rep
resentative volume element (RVE) can be defined, of which the mechanical behaviour can 
be homogenised, i.e. averaging the stress field and the strain field in the RVE, eventually to 
give the macroscopic behaviour of the composite. For example for a square fibre packing, 
the RVE consists of a square of matrix material with a fibre located in the centre. Mechanical 
loading of a finite element model of such an RVE requires symmetry of the boundary condi
tions to meet the periodicity requirements (during deformation, the RVE remains a periodic 
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cell). These requirements are imposed on the RYE by constraining the displacements of the 
boundaries. In reality, however, the fibre distribution in a high fibre volume fraction compos
ite is inhomogeneous, and the stress-strain state around a fibre is influenced by the presence 
and position of irregularly located surrounding fibres and matrix rich regions, and an RYE 
can not be defined. 

Measuring field quantities by placing a marker grid on the specimen offers the advantage 
that the geometry of the model is well defined (Figure 4.2), and geometrical assumptions are 
not needed. The geometrical and loading data of the model are directly retrieved from the 
experiments. 

specimen 

Figure 4.2: Local modelling of a part of a specimen. 

This local approach uses the positions of the border markers in the reference situation to 
define the boundary of the finite element model (Figure 4.2). The position of the fibre is also 
retrieved from the digitised reference image. The displacements of the boundary markers 
are used as kinematic boundary conditions. Consequently, the influence of the surroundings 
of the fibre on the stress and strain field in the model are automatically taken into account. 
Prescribing displacements at the boundaries implies that forces cannot be part of the boundary 
conditions and thus only ratios between the different stiffness parameters can be determined. 
However, since the values of the parameters of the fibre and matrix are known, absolute values 
of interphase parameters can be fitted. 

4.2.2 The estimation algorithm 

For the estimation of the mechanical properties of an interphase, the experimentally obtained 
displacement data of the inner markers of the grid (Figure 4.2) and the results of the finite 
element analysis are compared (Meurs, 1996). The difference reveals updated estimations 
of the material parameters in the simulation via a least squares algorithm. The measurement 
data are stored in a column m. The unknown parameters x;, i = 1, .. .. , n, quantifying for 
example the interphase behaviour, are assembled in a column x. This column may contain 
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parameters such as the Young's modulus, the Poisson's ratio or a nonlinear function of ma
terial constants. A finite element algorithm, represented by a function h(x), can calculate 
m when x is known and no modelling errors are made. The parameter estimation algorithm 
can be used to calculate the unknown material parameters x for given values of the measured 
displacements. The algorithm minimises the following objective function with respect to x: 

S = (m - h(x))T V (m - h(x)) + (x0 - x)T W (xo - x) (4.1) 

where V and W are positive definite weighting matrices and x0 is an initial estimate of x. 
The first term of S represents the weighted sum of the displacement residuals, and the second 
term represents the weighted sum of the difference between the initial estimate and the true 
value of the parameters. Minimising S implies: 

oS(x) = 0 
ox 

which gives 

HT(x)V (m - h(x)) + W (:Xo - x) = 0 

in which H represents the sensitivity matrix (Figure 4.1 ): 

H = oh(x) 
ox 

(4.2) 

(4.3) 

(4.4) 

The nonlinear equation 4.3 can be solved iteratively by substitution of x = x; + 8x and using 
a Gauss-Newton linearisation assuming 

H(x; + 8x) = H(x;) = H (4.5) 

h(x; + 8x) = h(x;) + ( :~t=x• 8x h(x;) + H8x (4.6) 

which results in the following scheme: 

(4.7) 

with 

(4.8) 

The finite element simulation is a part of the estimation procedure. The prescribed displace
ments at the boundaries of the model are constant during iteration. The displacements of the 
inner markers of the grid are calculated at each iteration step as a function of the material 
parameters. Iteration is stopped if the sum of squared residual displacements is smaller than 
a critical value or the sum of squared parameter adjustments is smaller than a critical value. 
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The accuracy of the estimated parameters is influenced by a number of possible mod
elling errors and the measurement noise in the displacement measurements. Modelling errors 
consist of errors related to the constitutive behaviour of the materials, the stress-strain state 
in the experiment and finite element model, and the numerical solution of the finite element 
problem. For the estimation of interphase parameters, an assumed linear elastic constitutive 
equation can lead to deviations in the estimates if the mechanical behaviour is non-linear elas
tic or if plastic deformation occurs. The latter can be checked by calculating the local strains 
in the finite element model at each load step of the experiment, with the measured boundary 
conditions. If the calculated strains in the interphase are higher than the yield-strain of the 
bulk matrix plastic deformation occurs. As a result, an elastic constitutive equation is no 
longer valid. Furthermore, accurate estimates of interphase properties can only be obtained 
if the numerical simulation gives a good representation of the state of stress in the experi
ment. The numerical modelling of the experiments used in this thesis is described in the next 
section. The influence of measurement noise is discussed in Section 4.4. 

4.3 Numerical modelling of surface measurements in transverse tensile 
tests 

The measurement technique described in Chapter 3 offers the possibility to measure deforma
tions at the free surface of composites. Numerical simulations of transverse tensile tests are 
usually performed with two-dimensional finite element models, assuming generalised plane 
strain conditions. Although such simulations have proven to be useful in investigating and 
understanding the behaviour of composites, the stress state at the free surface has been known 
to be different from the inner part of a specimen (Folias, 1991; Zhang et al., 1997), which 
might cause these models to be inaccurate for the type of experiments performed in this re
search. To analyse the difference between the stress-state in the bulk of the specimen and 
near the free surface, the results of a 2D and a 3D finite element model are compared. 2D 
generalised plane strain models are known to represent the stress state in the areas away from 
the fibre ends of composites with long fibres and no fibre breaks (Wisnom, 1992). The 3D 
finite element model is used to analyse the stress state at the free surface. 

Although in this work, the geometry and boundary conditions of the finite element models 
are retrieved from experiments, a square fibre packing has been chosen for the comparison of 
2D and 3D models. Based on symmetry, a quarter of a fibre and the surrounding matrix can 
be modelled. The model geometries and the corresponding finite element models are shown 
in Figure 4.3 (a-d). The elastic mechanical properties of E-glass fibres and an epoxy matrix 
were used in the models, and fibre and matrix were assumed to be perfectly bonded. An 
interphase between fibre and matrix has not been included. The MARC (MARC, 1996) finite 
element code was used for the analysis. The boundary conditions for a rectangular cell are 
derived from periodicity requirements. For the 2D model, the displacements in the model x-, 
and y-direction are suppressed at edges DA, and AB respectively. The periodicity conditions 
are met by keeping the edges CD and BC parallel to AB and DA. For the 3D model, similar 
conditions are applied by translating the conditions for the edges of the 2D model to the faces 
of the 3D model. At the face EFGH, symmetry with respect to the centre of the specimen 



The experimental-numerical method 53 

has been assumed. Both the fibre and the matrix were modelled with linear elastic material 
behaviour, with Young's moduli E1 = 70 GPa and Em = 2.8 GPa, and Poisson's ratios of 
Vf = 0.22 and Vm = 0.37. Consequently, the obtained results are only applicable for elastic 
deformations. Local stress concentrations around the fibre, leading to plastic deformations 
are not encountered. The models are loaded with an applied stress u0 in the model x-direction, 
as indicated in Figures 4.3 (a-b). 
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Figure 4.3: Comparison of 2D and 3D finite element models. (a) and (b): schematic 
representation of the modelled geometries; (c) and (d) finite element models; 
(e) and (f) interfacial radial (-) and tangential (- -) stress distribution. 

In Figure 4.3 (e-f), the radial and tangential normalised interface stresses are given for the 
2D model and at the surface of the 3D model. For both models, the radial interface stress 
is the most critical and is the highest at 0=0°. More importantly, the stresses at the free 
surface of the 3D model are significantly higher than the stresses in the 2D model. This 
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difference is caused by the large stiffness ratio between fibre and matrix, which results in a 
difference in contraction in the z-direction. Because of the larger strains in the matrix, the 
matrix contraction is larger than the contraction in the fibre, resulting in an increase in the 
interfacial stress near the free surface. 

The interfacial stress distribution has been examined in more detail, and Figure 4.4 shows 
the radial and tangential interface stresses as a function of () and the distance to the free 
surface z. 
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Figure 4.4: (a) Radial and (b) tangential interface stresses. 

Figure 4.4a shows that the radial stresses at the interface reach a maximum value for() = 0°, 
and that the radial stresses increase towards the specimen surface. The tangential interface 
stresses are lower than the radial stresses, as can be seen from Figure 4.4b. Although the exact 
values of the stresses at the free surface depend on the constituent properties and the fibre 
volume fraction, the stress build up towards the surface has been shown to be significant. To 
incorporate this effect, and to subsequently predict accurate values of marker displacements 
at the surface, the experiments used in this study have to be modelled with 3D finite element 
models. Because the radial and tangential stresses reach a constant value for z = 15 Jlm, the 
thickness of the 3D-models was chosen 15 Jtm. 

4.4 Experimental observation of crack initiation 

The local stress distribution near the surface of a specimen implies that an interface crack 
is most likely to initiate at an angle of() = 0°, at the surface z = 0. The crack will then 
propagate along the interface, parallel to the fibre axis, until at some point it will advance into 
the matrix. This failure process can be observed by performing experiments under an optical 
microscope, as will be described in this section. 
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Single glass-fibre-reinforced specimens were used, which were tested in a MINIMAT 
miniature materials tester from Reometrics Scientific Ltd. This tensile stage was mounted on 
the x-y-table of an optical microscope (Olympus BX60) equipped with a video camera. The 
stage was controlled by an electronics unit. The test set-up is given in Figure 4.5. 

monitor 

videp 
recorder 

mini mat 

microscope 

control 
umt 

Figure 4.5: Test set-up for the experiments with a Minimat and an optical microscope. 

The fibre was observed by using polarised light in the transmission mode. To observe the 
initiation of debonding, a transverse tensile test was performed with a cross-head speed of 
0.10 mm·min- 1

, during which the specimen surfaces were observed as indicated in Figure 
4.6. 

30mm 

Figure 4.6: Observation of the specimen surfaces during transverse tensile testing. 

The vicinity of the upper and lower specimen surfaces are shown in Figure 4.7 for four in
creasing load steps (0'1 to 0'4 ). In each micrograph, the location of the fibre ends are given 
by the dotted lines. As predicted by the 3D numerical model, a debond crack initiates at the 
specimen surface. In this case, initiation of debonding can be seen at the second load step, 
at the lower specimen surface. Increasing the load causes debonding initiation also at the 
upper surface, while the first debonding crack propagated in the fibre direction. Further load 
increase results in crack growth, both in fibre direction and in arc direction. In this experi
ment, the cracks propagated towards the centre of the specimen, where the cracks meet and 
coalesce, and eventually form a macroscopic crack, which causes fracture of the specimen. 
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Figure 4. 7: Optical micrographs of initiation of de bonding in a transverse tensile test. 

4.5 Estimation of interphase conditions 

In the previous sections it has been shown that surface measurements have to be modelled 
with a 3D finite element model. Given the measurement technique, which for each experi
ment results in a set of marker displacements in the vicinity of an interphase and a numerical 
model of an experiment, the estimation procedure can be used to determine the mechanical 
properties of the interphase. The objective of this section is to investigate if the local dis
placement measurements can be used to estimate these mechanical properties. This was done 
by means of numerical experiments in which different experimental set-ups were analysed to 
investigate the possibility of finding an accurate estimation of the interphase properties. 

The position and size of a marker field and the distance between the markers can be 
varied, resulting in different experimental set-ups. The accuracy of the estimated interphase 
properties may depend on this set-up. For the position of the marker grid, part of one fibre 
and the surrounding matrix was chosen. In the finite element model, an assumption has to be 
made for the thickness of the interphase. The properties of a thinner interphase might be more 
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difficult to estimate, because its influence on the deformation field will be less significant. In 
this section one possible set-up is described. A comparison between different set-ups will be 
made in the next section. 

The numerical experiment consists of a transverse tensile test with known material proper
ties for the interphase. Because the mechanical properties of the matrix material are isotropic, 
the interphase was also modelled isotropic. Linear elastic behaviour has been assumed. The 
elastic constants of the constituents are listed in Table 4.1. 

Table 4.1: Mechanical properties of the constituents 

material E-glass interphase epoxy 
fibre matrix 

Young's modulus E 70GPa 2.0GPa 2.5 GPa 
Poisson's ratio v 0.22 0.37 0.37 

The numerical experiment was used to calculate the displacement field for given interphase 
properties. This calculated field is then used for the estimation of the interphase properties, 
assuming them to be unknown. The test set-up is given in Figure 4.8a. 
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Figure 4.8: (a) Experimental set-up and (b) calculated displacements. 

The diameter of glass fibres varies between 10 and 15 J.Lm. In this analysis, a fibre diameter of 
10 J.Lm has been chosen, and an interphase thickness of 1 J.Lm has been assumed (Thomason, 
1995). The dimension of the model is lOx 10 J.Lm. For the first analysis, a square 9x9 marker 
grid with inter marker distance 6 = 1 J.Lm was taken, resulting in a total of 81 markers. The 
marker grid is positioned at the free surface of the numerical model, as shown in Figure 4.8a. 
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The boundary conditions for the model are similar to the model described in Section 3.3, 
except for the periodicity conditions. Using the global load 17o, the x- and y-displacements 
of the markers and boundary nodes have been calculated. The marker displacements were 
determined by interpolation between the nodal displacements, using the shape functions of 
the linear brick elements in the finite element mesh. The 'measured' displacements of the 
markers are shown in Figure 4.8b. Because of the high stiffness ratio between fibre and 
matrix, the global load results in an inhomogeneous strain distribution in the interphase and 
matrix. Although inhomogeneous strain fields are known to contain more information about 
the material than homogeneous strain fields (Van Ratingen, 1994), the question arises whether 
this inhomogeneity caused by the stiffness ratio is sufficient for the estimation of interphase 
parameters. 

To investigate the suitability of the displacement field for the estimation of interphase 
properties, the calculated displacements of the boundary nodes are used as new boundary 
conditions for the model. During an actual experiment in the SEM, only the in-plane dis
placements of the markers can be measured. In the numerical simulation of the experiment, 
only these in-plane displacements were prescribed as boundary conditions. These displace
ments were assumed to be constant over the thickness of the model for boundary nodes with 
equal in-plane coordinates in the unloaded situation. With these boundary conditions the 
simulations of the numerical experiment are performed. The estimation procedure is started 
with an initial estimate xo for one or both elastic constants of the interphase, differing from 
the true values given in Table 4.1. The mechanical properties of fibre and bulk matrix are 
set to the values in the table. The estimation algorithm then uses the 'measured' in-plane 
displacements of the markers to fit an estimate x. 

[GPa] •·• 

E; 

(a) - iteration counter 

[-] 

(b) - iteration counter 

Figure 4.9: Estimation of interphase properties for different initial estimates. (a) Estima
tion of E;, (b) Estimation of E; (-)and v; (- -) 

In all simulations, the weighting matrices V and W (equation 4.1) are taken diagonal, with 
the components W;; small in comparison to V;;. As a result, the unknown parameter(s) are 
fitted on the displacements, without any confidence in the initial estimate. The measurements 
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column m contains the measured x- and y-displacements of the markers, and the estimation 
was carried out for two different sets of parameters. First, the Young's modulus of the inter
phase E; was estimated while the Poisson's ratio was set at the exact value. Secondly, both 
elastic constants of the interphase were estimated. The parameter sets for these two cases are: 

x'[ = [ E;] xr = [ E; vi] (4.9) 

The estimation runs were performed for four different initial values x0 . In all cases, the 
estimates X:; converged to a stable value within five iterations. Figure 4.9 shows the estimation 
results versus the iteration counter. It can be seen that for all initial guesses, the estimated 
parameters converge to the true parameter values. 

The estimation runs were repeated for a distance~ between the markers of 2 J.lm, result
ing in a marker field of 5 x 5 markers. The number of markers for this case is significantly less 
than for an inter marker distance of 1 J.lm, but also in this case the estimation of interphase 
properties converged in five iteration steps. The exact estimation results for both marker 
distances are given in Table 4.2. 

Table 4.2: Parameter estimation results for different initial estimates and a marker dis
tance of 1 J.lm. 

~ initial guess relative error ~ initial guess relative error 

1J.lm E;(O) v; (o) E; v; 2J.lm E;(O) zi;(O) E; zl; 

1 par. 1 GPa - 2.4·10-5 - 1 par. 1 GPa - 7.2·10-5 -

1 par. 2GPa - 7.0·10-6 - 1 par. 2GPa - 2.6·10-5 -

1 par. 3GPa - 3.2·10-5 - 1 par. 3GPa - 9.3·10-5 -
1 par. 4GPa - 5.9·10-5 - 1 par. 4GPa - 2.0·10-4 -

2 pars. 1 GPa 0.1 5.3·10-5 2.0·10-5 2 pars. 1 GPa 0.1 1.5-10-4 7.7·10- 5 

2 pars. 2GPa 0.2 8.5·10-6 8.1·10-6 2 pars. 2GPa 0.2 2.3·10-5 1.1·10-6 

2 pars. 3GPa 0.3 6.5·10-5 2.3·10-5 2 pars. 3GPa 0.3 1.5·10-4 5.7·10-5 

2 pars. 4GPa 0.4 1.1·10-4 3.4·10-5 2 pars. 4GPa 0.4 3.1·10-4 1.1·10-4 

The table gives the relative error in the parameter estimates for different combinations of 
initial estimates and inter marker distance ~. The relative error is defined as the quotient of 
the difference between the estimated and the true parameter value, and the true value. All 
errors are small (maximum relative error 3.1·10-4), and although the relative errors for~= 
2 J.lm are slightly larger than for ~ = 1 J.lm, both experimental set-ups can be used for the 
estimation of interphase properties. 

In a real experiment, markers are placed in a rectangular grid, covering part of a fibre, 
interphase and bulk matrix. Only few or maybe even none of the markers are placed in the 
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interphase region. For an accurate estimation of interphase properties, not only the displace
ments of the markers located in the interphase region, but also of the markers in the bulk 
matrix have to be influenced by the interphase properties. This influence can be analysed by 
checking the residuals, i.e. the difference between 'measured' and calculated displacements 
at iteration steps before convergence is achieved. Based on these residuals, a new estimate is 
calculated. Figure 4.10 shows the (enlarged) residuals during the estimation runs with initial 
guess x0 = [4.0 0.4]T, and for the two inter marker distances. In both Figures, the size of 
the residuals is indicated with scaling bars. The maximum marker displacement in this ex
perimental set-up was 0.3 p.m. Both residual fields were calculated after the second iteration 
step. As can be seen in Figure 4.9b, the estimated value E; at this point is lower than the true 
value of 2 GPa. The computed marker displacements in the vicinity of the interphase for this 
value are larger than the measured displacements, resulting in residual vectors, pointing in the 
negative model x-direction. As can be seen in Figure 4.1 0, there is no or only a very small 
influence of the interphase properties on the calculated displacements of the markers posi
tioned in the fibre cross-section. The size of the region in which the marker displacements 
are influenced, is the same for both maker distances. The absolute value of the maximum 
residual for this case was 3·1 o-3 p.m. After convergence, this value reduced to less than I o-6 

p.m. 
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Figure 4.10: Difference between 'measured' and calculated marker displacements during 
the iteration process. The scaling bar denotes the size of these residuals. 

Based on these numerical experiments, it can be concluded that the inhomogeneous deforma
tion, caused by the stiffness difference between fibre, interphase and matrix suffices for the 
estimation of interphase properties. 

The results shown is this section, were obtained without regarding the possible influence 
of measurement noise on the measured displacements, resulting in very small values of the 
relative errors in the parameters and residuals after convergence. In the next section, the 
influence of measurement noise will be described. 
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4.6 Influence of measurement noise on parameter estimations 

The determination of marker coordinates at several load steps in an experiment by digiti sing 
SEM-images is subjected to measurement noise, as was described in Section 3.6. Numerical 
experiments, including noise on marker displacements and boundary conditions have been 
performed to analyse the influence of this noise on the accuracy of the estimation results. 

Before an experiment is performed in the SEM, a grid of markers is placed on the sur
face of a specimen. This grid can be placed in an arbitrary position with respect to a fibre 
cross-section and surrounding interphase, or including several fibre cross-sections, resulting 
in an infinitely large number of possible test set-ups. Moreover, the size of the grid and the 
distance between the markers can be varied. In this research, the markers were placed in 
approximately rectangular grids, with a square packing of the markers. 

The geometric properties of the material, i.e. the fibre diameter and the interphase thick
ness, can influence the stress state in the model and, consequently, the information in the 
measured field quantities about the properties of the interphase. Due to the relatively high 
stiffness of the fibres, displacements of markers within the fibre cross-section and in the di
rect neighbourhood, i.e. in the interphase are small. Consequently, the contribution of the 
measurement noise in these displacements is relatively high. Changes in experimental set
up, can therefore affect the accuracy of the estimations. The thickness of the interphase is a 
parameter of which in literature very little information can be found in literature. Here, the 
simulations are performed with thicknesses of 1 f-tm and 0.5 f-tm. 

For a fibre diameter of 10 f-tm and an interphase thickness of 1 f-tm, five different configu
rations (Figure 4.11) have been analysed, each with a different position of the marker grid on 
the surface of a specimen. 

Figure 4.11: Numerical simulations of different marker field positions. 

Geometry e represents the experimental set-up which was described in the previous section. 
For all geometries, the markers are placed in a square packing with two different distances 
between them. The material properties of the constituents were taken as in the previous sec
tion (Table 4.1 ). A global load was applied to calculate the in-plane displacements of the 
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boundary nodes and markers. Subsequently, the marker displacement field and the boundary 
conditions were disturbed by random noise with an amplitude of 5% and 10% of the max
imum displacement value. For example, the disturbed column containing the measurement 
data with 10% noise can be written as: 

md = m + (0.1· Umax). ~N) 
max i 

(4.10) 

in which N represents a normal distribution of random numbers with mean 0 and a standard 
deviation of 1. Because the displacements of the markers and boundary nodes located in the 
fibre cross-section are small, their noise percentages can reach a value of several times the 
measured displacements. 

With these disturbed displacements, the mechanical properties of the interphase were 
estimated, assuming them to be unknown. For all set-ups, first the Young's modulus and 
then both Young's modulus and Poisson's ratio of the interphase were estimated. Despite 
the presence of the noise, the estimation converged to constant values of the parameters in 
four iteration steps. However, the estimated parameters differ significantly from the exact 
values, assumed in the numerical experiment. For some estimations, deviations of 1 GPa 
were found. This means that for example in the case of ~ = 1 Jlm, the 81 x 2 measured 
displacement components for the estimation of 1 or 2 parameters in column x (equation 4.9) 
do not level out the influence of the random measurement noise. The estimation algorithm 
does not account for errors in the measured boundary displacements, which also contribute 
to the deviation of the estimation. 

Figure 4.12 shows two typical (enlarged) residual displacement fields after convergence 
of the estimation of both elastic constants for geometry e. 
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Figure 4.12: Residual marker displacements after convergence. Measurement noise: (a) 
5% and (b) 10% of the maximum displacement value. The scaling bars 
denote the amplitude of the measurement noise. 

Figures 4.12a and 4.12b show the residuals for 5% and 10% measurement noise, respectively. 
The maximum size of these residuals is approximately equal to the amplitude of the noise, 



The experimental-numerical method 63 

which is indicated with the scaling bars. Since the numerical simulation of the experiment 
gives an exact representation of the experiment, the residuals are only caused by the measure
ment noise. 

It was found that, to find an accurate estimate of the interphase properties, the influence 
of the noise has to be averaged over several estimation runs. For all geometries, ten different 
noise realisations were added to the calculated displacements, resulting in ten different sets of 
boundary conditions and 'measured' inner marker displacements with subsequent parameter 
estimation. The ten parameter estimates for each set -up were averaged, and the average values 
and corresponding standard deviations for the parameter column x = [E;]T are summarised 
in Table 4.3. 

Table 4.3: Estimated values and standard deviations of the Young's modulus of the in
terphase for different experimental set-ups (fibre diameter 10 f..Lm, interphase 
thickness I f..Lm, grid size JOxJO f..Lm. 

noise: 5% noise: 10% noise: 5% noise: 10% 

~=1f..Lm ~=1f..lm ~=2f..Lm ~=2f..lm 

E; stdv. E; stdv. E; stdv. E; stdv. 

[GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [GPa] 

~ 2.06 0.31 2.03 0.68 2.22 0.31 1.70 0.65 

~ 1.99 0.26 2.03 0.52 1.95 0.34 2.07 0.71 

D 1.95 0.27 2.13 0.56 2.14 0.59 2.14 0.80 

iJ 2.06 0.36 2.21 0.75 2.21 0.36 2.31 0.61 

[] 2.00 0.29 2.14 0.77 2.03 0.41 1.86 0.72 

For the set-ups with a measurement noise of 5%, the average values of E; are close to the 
true value of 2 GPa. Even for a measurement noise of 10% the error is small, although for a 
marker distance of 2 f..Lm a larger error in the averaged parameter estimate was found. 

The standard deviation increases from approximately 0.3 GPa to 0.7 GPa for the given 
increasing amplitude of the measurement noise. Using the same noise on the boundary dis
placements and the measured displacements, the estimations were repeated for the estimation 
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of both elastic constants of the interphase. The results for Ll = 2 J.lm are summarised in Table 
4.4. 

Table 4.4: Estimated values and standard deviations of the Young's modulus and Pois
son's ratio of the interphase for different experimental set-ups (fibre diameter 
10 J.lm, interphase thickness 1 J.lm, grid size JOxJO J.lm). 

noise: 5% noise: 10% 

Ll=2J1m Ll=2J1m 

E; stdv. 
-. 

stdv. E; stdv. £;; stdv. v ; 

[GPa] [GPa] [-] [-] [GPa] [GPa] [-] [-] 

~ 2.17 0.27 0.34 0.13 1.61 0.74 0.32 0.15 

~ 2.02 0.36 0.32 0.09 1.98 0.91 0.36 0.10 

D 2.30 0.55 0.31 0.08 2.17 0.80 0.31 0.13 

~ 2.24 0.43 0.33 0.10 2.51 1.00 0.37 0.10 

tJ 2.17 0.53 0.34 0.07 1.84 0.72 0.29 0.17 

Compared to the estimations in Table 4.3, the estimation results for the parameter column 
x = [E; v;JT show a small increase in the error of the average values for both noise am
plitudes with respect to the exact values. In this case, the standard deviations of the two 
parameters increased from approximately 0.4 GPa to 0.8 GPa, and 0.09 to 0.13. For the esti
mation of two parameters, the standard deviations of the Young's modulus are slightly larger 
than for the estimation of one parameter. The maximum deviations with respect to the true 
value of E; are 0.30 GPa and 0.51 GPa, for 5% and 10% noise, which are also higher than in 
the previous case with values of0.22 GPa and 0.31 GPa. For the case of 10% measurement 
noise, convergence of the Poisson's ratio could not be achieved for all estimations. In these 
cases, which were not included in the average values, the estimate of this parameter reached 
the upper or lower border, which were set at 0.49 and 0.001 , respectively. 

Influence of test set-up 
Examination of a transverse cross-section of the fabricated composites showed that the diam
eter of the E-glass fibres varies between 10 J.lm and 15 J.lm. For a fibre diameter of 15 J.lm and 
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an interphase thickness of 1 p,m the influence of measurement noise was studied. To test the 
influence of the grid size and a larger distance between the markers, the dimensions of the 
marker grids were taken 20x20 p,m, and the distance between the markers was taken 2 p,m 
and 3 p,m. This results in a smaller area, occupied by the interphase with respect to the areas 
occupied by the fibre and the matrix. 

Table 4.5: Estimated values and standard deviations of the Young's modulus and Pois
son's ratio of the interphase for different experimental set-ups (fibre diameter 
15 p,m, interphase thickness 1 p,m, grid size 20x20 p,m). 

noise: 5% noise: 10% 

6=2p,m 6=2p,m 

E; stdv. D; stdv. E; stdv. D; stdv. 

[GPa] [GPa] [-] [-] [GPa] [GPa] [-] [-] 

~ 1.84 0.27 0.35 0.05 1.73 0.47 0.37 0,09 

iJ 2.30 0.58 0.35 0.08 2.23 1.10 0.39 0.08 

[] 1.94 0.24 0.39 0.04 2.28 0.39 0.36 0.07 

Table 4.6: Estimated values and standard deviations of the Young's modulus and Pois
son's ratio ofthe interphase for different experimental set-ups (fibre diameter 
15 p,m, interphase thickness 1 p,m, grid size 20x20 p,m). 

noise: 5% noise: 10% 

6=3p,m 6=3p,m 

E; stdv. v; stdv. E; stdv. v; stdv. 

[GPa] [GPa] [-] [-] [GPa] [GPa] [-] [-] 

~ 2.17 0.27 0.34 0.13 1.61 0.74 0.32 0.15 

iJ 2.02 0.36 0.32 0.09 1.98 0.91 0.36 0.10 

(] 2.30 0.55 0.31 0.08 2.17 0.80 0.31 0.13 
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The larger dimensions of the finite element model may also change the influence of measure
ment noise on the boundary conditions, since in this situation the distance from a part of the 
boundaries to the interphase is larger. The estimations were carried out for three different po
sitions of a marker grid with respect to a fibre cross-section. The results are given in Tables 
4.5 and 4.6. The increase of .6. from 2 Jim to 3 Jim revealed almost equal deviations with 
respect to the exact values, but the standard deviations show a small increase. Comparing the 
results for these set-ups with the previous ones (Table 4.5. versus Table 4.4), shows that the 
deviations are similar. However, the standard deviations in Table 4.5 are smaller. This may 
be caused by the change in size of the marker grid, which reduces the influence of noise on 
the boundary conditions on the deformation of the interphase. 

Influence of interphase thickness 
Since the thickness of the interphase is unknown, an assumption has to be made before an 
experiment can be modelled. In the experiments, described in the next chapter, the properties 
of the interphase are estimated for a glass-fibre-reinforced epoxy matrix composite, for two 
values of the interphase thickness, 1 Jim and 0.5 Jim. 

For the displacements of markers at a larger distance from the interphase, a smaller thick
ness will result in less influence of the properties of the interphase on their displacements. 
Consequently, also the accuracy of the estimations will be influenced by the assumption of 
the thickness. To analyse this influence, the estimations from Tables 4.5 and 4.6 were re
peated for an interphase thickness of 0.5 Jim. The results of these estimations are shown in 
Tables 4.7 and 4.8. 

Table 4. 7: Estimated values and standard deviations of the Young's modulus and Pois
son's ratio of the interphase for different experimental set-ups (fibre diameter 
15 Jim, interphase thickness 0.5 Jim, grid size 20x20 Jim). 

noise: 5% noise: 10% 

.6.=2J1m .6.=2J1m 

E; stdv. i/; stdv. E; stdv. f) 
' 

stdv. 

[GPa] [GPa] [-] [-] [GPa] [GPa] [-] [-] 

~ 2.02 0.54 0.38 0.06 2.08 1.40 0.29 0.11 

lJ 1.90 0.47 0.37 0.07 1.79 1.11 0.37 0.07 

[] 2.07 0.50 0.35 0.10 1.81 0.38 0.35 0.08 



' .. ~ ' 

The experimental-numerical method 67 

Table 4.8: Estimated values and standard deviations of the Young's modulus and Pois
son's ratio of the interphase for different experimental set-ups (fibre diameter 
15 f..tm, interphase thickness 0.5 f..tm, grid size 20x20 f..tm). 

noise: 5% noise: 10% 

~=3f..tm ~=3f..tm 

E; stdv. t; stdv. E; stdv. t; stdv. 

[GPa] [GPa] [-] [-] [GPa] [GPa] [-] [-] 

~ 1.87 0.50 0.40 0.05 1.68 0.99 0.38 0.08 

LJ 1.74 0.45 0.33 0.13 2.07 1.30 0.40 0.13 

[] 2.14 0.60 0.38 0.10 2.13 1.02 0.39 0.09 

These results show that the deviations of the average values of E; and v; with respect to the 
exact values are small for both situations. Compared to the estimations with a thickness of 1 
f.-tiD, the standard deviations of the Young's modulus are significantly higher. This is caused 
by the smaller area in which the interphase properties influence the displacements. 

4. 7 Conclusions 

In this chapter, the experimental-numerical method which will be used to estimate the me
chanical properties of interphases has been discussed. Measured displacements of markers, 
placed in a grid on the surface of a transversely loaded composite specimen can be used to 
define the geometry of the finite element model of the experiment. The advantage of this 
approach is that the numerical model gives an accurate representation of the experiment. 
Hence, assumptions on the fibre packing in the composite are not needed. Based on a study 
of the stress distribution near the free surface of a specimen, a realistic model of surface 
measurements has to be three-dimensional. The radial and tangential interface stresses have 
been shown to build up towards the free surface. Due to this effect, debonding initiates at the 
surface, which has been verified with experiments under an optical microscope. 

Numerically simulated experiments were used to investigate the possibility of parameter 
estimation from measured displacements. The inhomogeneous stress state in the models, in
cluding part of a fibre cross-section, interphase and bulk matrix, caused by the stiffness ratio 
between the constituents suffices for an accurate estimation of the interphase properties when 
no measurement noise is included. Addition of random measurement noise with amplitudes 
of 5% and 10% of the maximum measured displacement component on both the marker dis-
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placements and the kinematic boundary conditions still gives converging estimations, but the 
deviation of the final estimate with respect to the exact value was found to be unacceptable. 
However, the average estimates for ten different noise realisations were found to be close to 
the exact value. For the actual experiments this implies that the SEM image containing the 
marker grid in deformed situation has to be scanned ten times, with subsequent parameter 
estimation for each of the ten measured displacement fields. 

A numerical investigation of the influence of measurement noise was performed for dif
ferent experimental set-ups with varying position of the marker grid, distances between the 
markers in the grid, total number of markers, size of the grid, fibre diameters and interphase 
thicknesses. For an interphase thickness of 1 J.Lm, an increase in the noise from 5% to 10%, 
resulted in an increase in the standard deviation of the ten estimates from approximately 0.4 
GPa to 0.7 GPa for the Young's modulus of the interphase. For the Poisson's ratio this in
crease was less significant. For an interphase thickness of 0.5 J.Lm these standard deviations 
were higher. 

Based on the results presented in this chapter, it can be concluded that the experimental
numerical method can, in principle, be used for the determination of the mechanical proper
ties of interphases in normal loading conditions. However, a small amount of noise on the 
measured displacements causes a relatively large scatter in in the estimation results. To in
vestigate the possibilities of the method in real experimental conditions, experiments have to 
be carried out. The estimation of elastic interphase properties can be performed using both 
high fibre volume fraction composites and single fibre composites. Furthermore, given the 
constitutive equations of the constituents, the measurement technique in combination with 
numerical models can be used to determine the stresses in the interphase at higher load lev
els. As was shown in Section 4.4, single fibre model composites can be used to monitor 
initiation of debonding at the free surface, also using the experiments in the SEM, where 
the fibre cross-section at the surface is observed. This offers the possibility to determine the 
strength of the interface in normal loading conditions, which will be described in Chapter 6. 
Because it is impossible to predict the location of the initiation of debonding in high fibre 
volume fraction composites, they can only be used to characterise the elastic properties of 
interphases, which will first be described in the next chapter. 



5 Characterisation of elastic interphase 
properties using high fibre volume 
fraction composites 

5.1 Introduction 

In this chapter the characterisation of the elastic properties of interphases is described. Dis
placements were measured in the vicinity of an interphase in experiments on glass-fibre
reinforced epoxy specimens. First, attention was focused on the measurement of local dis
placements in transversely loaded composites. For this purpose, a matrix material with a 
relatively high ultimate strain of 28% was selected to give relatively large displacements at 
higher load steps in the experiment. Due to the high stress concentrations in transversely 
loaded composites, the maximum strain will be reached at relatively low macroscopic strains 
and consequently the displacements at a distance of approximately 15pm from a fibre would 
be very small, making it difficult to explore the possibilities of the measurement technique 
with a standard epoxy that has a failure strain of approximately 5%. 

Although measurements can be performed in which a marker grid covers more than one 
fibre cross-section with surrounding interphase, in each experiment only one interphase was 
tested. The application of the method, presented in Chapter 4, to real experiments might lead 
to more inaccuracies due to modelling errors, not accounted for in the numerical experiments. 

In Section 5.2, the mechanical properties of the materials are summarised. A total of five 
experiments will be discussed. Section 5.3 describes the details of two experiments, which 
in Section 5.4 are used, together with the other experiments, to characterise the interphase 
properties with the associated finite element models. In Section 5.5, an improvement of the 
linear elastic interphase model is proposed, which accounts for non-linear elastic behaviour 
of both interphase and bulk-matrix. 

5.2 Materials 

The manufacturing of the high fibre volume fraction specimens has been described in Section 
3.5.1. The mixture of curing agents (DETDAIDEA) used for the matrix material in these ex
periments was 114. The mechanical behaviour of this neat epoxy material, measured during 
tensile tests at room temperature and a strain rate of 10-3 s-1 (Saalbrink, 1994), is given in 
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Figure 5.1, showing the Cauchy stress versus the linear strain. In the analysis of the experi
ments it was assumed that the behaviour of the bulk-matrix is given by this behaviour. The 
tensile curve consists of a nonlinear elastic part, which for small strains can be approximated 
with a linear description. After reaching the maximum stress of 75 MPa at a strain of 4.5%, 
defined as the yield stress for this material, strain softening can be observed, i.e. the stress 
decreases at increasing strain. 

10 

--- c [%] 

Figure 5.1: Mechanical behaviour of the neat epoxy-material. 

The dotted line represents linear-elastic material behaviour with a Young's modulus equal to 
the initial slope of the stress-strain behaviour. The properties of the matrix are summarised 
in Table 5.1. 

Table 5.1: Mechanical properties of the epoxy matrix 

DETDNDEA Young's modulus Poisson's ratio yield stress failure strain 
weight ratio [GPa] [-] [MPa] [%] 

114 2.8 0.37 75 28 

The mechanical behaviour of theE-glass fibres is isotropic and linear elastic, with the elastic 
constants given in Table 4.1. 

In the numerical models of the experiments an interphase of specified thickness has to 
be included. In literature, no reliable data can be found of this value. An indication for 
the interphase thickness has been reported by Thomason (Thomason, 1996), who found an 
approximate value of 1 J.Lm. To analyse its influence, the mechanical properties have been 
estimated for two different values. From the SEM-images containing the marker-grid, the 
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interphase has been defined as a three-dimensional zone starting from the fibre edge. The 
mechanical properties were assumed to be constant over its thickness. Considering all the 
possible factors that constitute the interphase (Section 2.2), the properties of this layer repre
sent the average of their influence on the mechanical behaviour. 

5.3 Local displacement measurements in transversely loaded compos
ites 

Tensile tests were carried out with gold-palladium coated specimens, inside the vacuum 
chamber of the SEM. For the measurement of local deformations, an undamaged fibre cross
section with surrounding matrix area was selected in the approximate central region of the 
gauge length of the specimen, and a marker grid was made covering part of this fibre cross
section and surrounding matrix. A total of five experiments will be described, each represent
ing a different experimental set-up. Several other experiments, of which either the displace
ment distribution was anomalous or the displacements did not increase for increasing load 
levels, were not used for parameter estimation. In total, about 60% of the experiments were 
successful. The individual experiments were performed on different specimens. The details 
of two experiments are described in this section. 

5.3.1 Experimental procedure 

After a marker grid has been made, the specimens were loaded by prescribing the displace
ment of one of the clamps of the stage, while the load on the specimen was recorded. 

Figure 5.2: Low magnification image of the location of the marker grid for experimental 
set-up nr. I. 
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The reference state of the marker grid was taken at a preload of approximately 15 N, needed to 
align the sample with the clamps in the tensile stage. The tensile tests consisted of incremental 
loading of the specimens with load intervals of 40 N. The average maximum load on these 
specimens before macroscopic brittle failure was 400 N. Marker grids were usually made near 
matrix rich regions in the composite, because there the largest deformations were expected. 
Figures 5.2 and 5.3 show the neighbourhood of the marker grids of two experiments, which 
will be referred to as experimental set-up nrs. 1 and 2, respectively. The positions of the 
marker grids are indicated by the rectangles in the images. The global load on the specimens 
was applied in the horizontal direction. 

Figure 5.3: Low magnification image of the location of the marker grid for experimental 
set-up nr. 2. 

In each experiment, at every load step these parts of the gauge sections were examined for 
the presence of microcracks. In none of the experiments microcracks were observed. The first 
visible crack was a macroscopic crack, which was found to have propagated along interfaces, 
in a similar manner as was reported by other authors (Daniel et al., 1990; Rousseau et al., 
1994; Bradley et al., 1995; Boniface et al., 1997). 

During loading at a loading rate of 0.1 mm·min-1, the marker grid was kept in the view 
of the microscope by moving the tensile stage with the x- and y-screws on the outside of the 
door. At each load level the motor was stopped and the focus adjusted. After approximately 1 
minute, the image containing the grid was scanned 10 times. At higher load steps, with a load 
of approximately 350 N, it was observed that after stopping the motor, the marker grid moved 
in opposite direction and the force on the specimen decreased about 20 N due to relaxation. 
Because scanning of the images takes approximately 30 seconds, images of the marker grid 
were stored after 5 minutes to exclude this effect. 
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5.3.2 Measurement of displacement fields 

Figures 5.4 and 5.5 show the marker grids, correspoRding to the overviews presented in Fig
ures 5.2 and 5.3. 

Figure 5.4: Marker grid for experimental set-up nr. 1 

Both marker grids consist of an array of 10 x 10 markers with a distance between the markers 
of approximately 3 f-lm. 

Figure 5.5: Marker grid/or experimental set-up nr. 2 
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The coordinates of the markers were determined for each image stored during the tensile test 
using the digital image analysis technique described in Section 3.6. From the reference im
age, also the location of the fibre edge was determined. Displacement fields were calculated 
by comparing the coordinates in the deformed and reference state. In each experiment, the 
coordinates of one of the markers in the fibre cross-section were set equal, and the displace
ments relative to this marker were calculated. For all experiments, the rigid body rotation of 
the marker field turned out to be relatively small . 

..... ...... ...... ....... - ......................... 

..... .. - ............ 

- - - -

... - - -

(a) O.Sf.lm (b) 0.5 f.lm 

Figure 5.6: Measured displacement fields for experimental set-up nr. 1 at (a) F=250 N 
and (b) F=300 N 

Although the displacements were expected to be small upon loading, several markers were 
placed in the cross-section of the fibre to evaluate the measured displacement fields. Large 
displacements for these markers indicate that the experiment was unsuccessful. Figure 5.6 
shows the scaled measured displacements and the location of the fibre edge for experimental 
set-up nr. 1 at loads of 250 N and 300 N. The scaling bar denotes the size of the displace
ments. As expected, for both load levels, the displacements of the markers within the fibre 
cross-section were very small and their value was of the order of the measurement noise. At 
increasing distance to the fibre edge, larger displacements were observed. The load increase 
resulted in an increase of the maximum displacement component from 0.25 to 0.34 f.lm in the 
loading direction. The pixel size for this experiment was 58 nm, and as a result, the maxi
mum displacements were 4.3 and 5.9 pixels. In the displacement fields for the second set-up 
(Figure 5.7), for the lower load level, the displacements perpendicular to the loading direc
tion were larger than in the loading direction. At a load of 300 N, the largest displacements 
were observed in loading direction. The characteristics of both experiments are summarised 
in Table 5.2 
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Figure 5.7: Measured displacement fields for experimental set-up nr. 2 at (a) F=210 N 
and (b) F=300 N 

Table 5.2: Characteristics of experiments I and 2 

experiment load pixel-size Ux,max Uy,max 

[N] [nm] [pm] [pm] 

1 250 58 0.25 0.11 
300 58 0.34 -0.13 

2 210 55 0.12 0.19 
300 55 0.33 0.27 

5.4 Estimation of interphase parameters 

The results of the experiments were used for the estimation of interphase properties. The 
estimation algorithm is based on a finite element simulation of each experiment, which is 
used to fit calculated displacements of markers on the measurements. 

5.4.1 Finite element modelling 

As described in Section 4.2, the geometry of the finite element models is retrieved from the 
coordinates of the border markers in the experiment. Furthermore, the location of the fibre 
is needed. From the coordinates defining the fibre-edge, also the interphase boundary was 
calculated for a given thickness. Based on this input, a two-dimensional mesh was generated, 
which was expanded 15 pm in thickness direction to obtain the finite element model of an 
experiment. The finite element models of experiments 1 and 2, with an interphase thickness 
of 1 pm, are shown in Figure 5.8. 
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(a) (b) 

Figure 5.8: Finite element models for set-up nrs. 1 (a) and 2 (b) 

Both finite element models consist of linear 8-node brick elements, with totals of about 3500 
and 2500 elements for experiment 1 and 2. At the bottom surface (z=O) of the models sym
metry was assumed ( uz=O). The measured displacements of the boundary markers were used 
as prescribed displacements. These displacements were set equal for all boundary nodes with 
equal in-plane (x-y) coordinates. Some nodes on the boundary of the model do not coin
cide with positions of markers. For these nodes, the displacements were linearly interpolated 
between the nearest markers. 

To obtain better insight in the experimental results, the model of experiment 1 was used 
to calculate the strain distribution in the measurement area. The properties of all constituents 
were modelled isotropic and linear elastic and the interphase properties were taken equal to 
those of the matrix. The total equivalent strains for the two load steps are shown in Figure 
5.9. At both load steps, the strains in the fibre are small and in the matrix they are inho
mogeneously distributed, due to the stiffness difference of fibre and matrix. The maximum 
strains can be observed in the interphase region, at an angle of oo with the horizontal loading 
direction, as can be expected considering the overview in Figure 5.2, and were 2.4% and 
3.3%, respectively. Near the boundaries of the model, irregularities in the strain field can be 
observed. These irregularities were caused by the measurement noise. 

The characteristics of these strain fields are representative for all experiments. Because 
the strains are maximum in the interphase region, the properties of this interphase are of 
significant influence on the displacements of markers located at a distance of the interphase, 
as was shown in the previous chapter. 
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Figure 5.9: Contour plots of the strain distributions in experiment 1 at (a) F=250 Nand 
(b) F=300N, calculated with the measured boundary conditions 

5.4.2 Parameter estimation 

The presented measurements were used to estimate the properties of the interphase for as
sumed thicknesses of 1 ftm and 0.5 ftm. 

5.-~~~--~~~~--~~-. 5.-~~~--~~~--.-~~-. 

[GPa] 4.5 [GPa] 4_5 

E; ..... -~·.. . . ·~· .... "i E; 

(a) - iteration counter (b) - iteration counter 

Figure 5.10: Estimation of the interphase Young's modulus for experiments 1 and 2 for 
varying initial estimates and an interphase thickness of 1 ftm. 

All displacement components of the markers that are not used to define the boundary condi
tions are stored in the column m (Section 4.3). The finite element model is used to calculate 
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these displacements, given the coordinates and the mechanical properties of fibre, matrix and 
interphase. All constituents were assumed to be isotropic and linear elastic. Because there 
was no prior knowledge of the mechanical properties of the interphase, the diagonal values 
of the weighting matrix W were set to 0 and those of V were all set to 1. As a consequence, 
the weight of the x- andy- displacement components were equal. 

In the first estimation runs one parameter, the Young's modulus of the interphase was 
estimated (x = [E;] ). For each load step and thickness, 10 estimation runs were carried 
out with an initial estimate of E;= 2.0 GPa, and in most cases the estimate converged to a 
stationary value. For both experiments one estimation run was selected at the lower load 
step, and the runs were repeated with different initial values. The results are shown in Figure 
5.10. The four estimates converge within 6 iterations to the same final values of 1.97 GPa 
and 1.84 GPa. Based on these results it can be concluded that the final estimates represent a 
global minimum of the objective function. 

The results of the interphase Young's modulus estimation, represented by the average 
values and their standard deviations for each load step, are listed in Table 5.3. 

Table 5.3: Average estimates of the Young's modulus and their standard deviations for 
two interphase thicknesses 

t; = 1 t-tm t; =0.5 t-tm 

experiment load E; stdv. E; stdv. 

[N] [GPa] [GPa] [GPa] [GPa] 

1 250 2.34 0.74 1.93 1.05 

300 1.47 0.31 1.18 0.49 

2 210 1.94 0.71 1.38 0.70 

300 1.05 0.27 0.89 0.35 

For an interphase thickness of 1 t-tm. the average Young's moduli were 84% and 69% of 
the bulk-matrix modulus (2.8 GPa). The standard deviations are comparable to the results 
presented in the previous chapter for a measurement noise of 10%. It was shown in Section 
4.6 that the averages were close to the real values, although the standard deviations were large 
with respect to the average moduli. 

Because the estimations are lower than the matrix modulus, the estimated moduli for a 
thickness of 0.5 t-tm are lower with respect to those corresponding to a thickness of 1 t-tm, in 
order to result in the same effect on the measured displacements. The standard deviations are 
higher for the thinner interphase, which has also been found in the numerical simulation of 
the experiments. 

At the higher load levels, the averages decrease as a result of higher strains in the in
terphase. In reality, local plastic deformation can have occurred, which results in a lower 
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estimated value of the Young's modulus of the linear elastic numerical model, which approx
imately equals the secant modulus of the nonlinear curve shown in Figure 5.1. As a result, 
these values are not representative for the modulus of the interphase. The standard deviations 
at these load levels are significantly smaller. The measured displacements were larger (Table 
5.2), which results in a smaller noise to displacement ratio. 

The displacement fields at the lower load levels were used for the estimation of both 
Young's modulus and Poisson's ratio. The results of these estimations are presented in Table 
5.4. 

Table 5.4: Average estimates of the Young's modulus and Poisson's ratio for two inter
phase thicknesses 

t; =I pm t; = 0.5 pm 

experiment load E; 7/; E; ii; 

[N] [GPa] [-] [GPa] [-] 

1 250 2.12 0.46 1.81 0.33 

2 210 1.84 0.39 1.10 0.39 

Standard deviations of the average parameter estimates were not included because only 1 
or 2 out of 10 estimation runs converged to stationary values. These problems are caused 
by the boundary conditions. In the material near the interphase region, displacements of 
boundary nodes with equal in-plane coordinates are not constant over the thickness of the 
model due to contraction of the interphase and matrix. This modelling error was found to 
only influence the estimation of the Poisson's ratio. The estimated values in Table 5.4 show 
that the estimated Poisson's ratio is close to the value of the bulk-matrix. This was also found 
for other experiments, which will be presented in the following section. 

The reliability of the estimations can be examined by calculating the strains in the nu
merical models and the difference between the computed and measured inner marker dis
placements. The strain distribution can give insight in the validity of the constitutive models, 
whereas the residuals contain information about modelling errors. The calculated strain fields 
that best map a measured displacement field of experiment 1 (Figure 5.6) are shown in Figure 
5.11. They were calculated with the measured boundary conditions for 1 of the 10 estima
tion runs and the corresponding estimates (Figure 5.10). The set of measured displacements 
corresponding to this estimation run was the one with its final estimate closest to the average 
of the 10 values. The maximum equivalent strain now increases from 2.7% to 5.8%. At the 
second load step, the higher strain indicates plastic deformation since the yield strain of the 
neat-epoxy material is 4.5%, which means that the estimated values at the higher load levels 
cannot be interpreted as Young's moduli of the interphase. 
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Figure 5.11: Contour plots of the strain distributions in experiment 1 at (a) F=250 Nand 
(b) F=300N, calculated with the estimated Young's modulus of the inter
phase. 

These mechanically induced strain fields were superimposed on the thermal residual strains, 
caused by shrinkage during the cooldown from the cure temperature. If the total of mechani
cal and thermal strains in the interphase does not exceed the yield strain of the matrix, i.e the 
deformations remain elastic, the thermal residual strains do not influence the estimations. 

The residual displacements after convergence of the estimation runs are shown in Figure 
5.12, for the lower load levels of both experiments. The residuals at the higher load levels 
were similar in orientation and in magnitude. 
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Figure 5.12: Examples of residual displacement fields afterconvergenceforexperiment 1 
and 2; maximum length of the vectors: (a) 58.4 nm and (b) 47.5 nm 
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The scaling bars of length 0.05 pm denote the amplitude of the measurement noise (Section 
3.6). In these examples, the maximum residuals are of approximately the same magnitude 
as the measurement noise. The residual fields show that the magnitudes in the fibre cross
section are relatively large. In the interphase and matrix, the magnitude and the orientation of 
the residuals are randomly distributed, indicating that an isotropic constitutive equation can 
describe the mechanical behaviour of the matrix. 

5.4.3 Survey of experiments 

The results of the numerical simulations of experiments including measurement noise in the 
previous chapter showed that accurate estimations of the interphase properties could be ob
tained for different experimental set-ups. In the experiments this set-up, i.e. the position of 
the marker grid with respect to a fibre cross-section and the distance between the markers, 
was varied. 
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load pixel-size Ux,max Uy,max 

[N] [nm] [pm] [pm] 

100 56 0.16 -0.11 

210 41 0.12 0.12 

250 43 0.21 -0.11 

Figure 5.13: Measured displacement fields for experiments 3 (a), 4 (b) and 5 (c), and 
characteristics of the experiments (d). 
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In addition to the experiments described in the previous section, the results of three more 
experiments, using the same composite material system, are presented in Figure 5.13. In 
experiment 3, the distance between the markers(~) was 3 1-lm and a 10x9 marker grid was 
used, while in experiment 4 and 5, this was lOx 10 with a distance of 2 flm, resulting in a 
smaller measurement area. Figure 5.13 shows the displacement fields at the load levels at 
which the parameters were estimated. The displacement field of experiment 4 shows one 
marker displacement vector that deviates from the others. Whenever such a deviation was 
found, the displacement components were not included in the measurement column m. 

The results of these experiments were used for parameter estimation with isotropic and 
linear elastic constitutive behaviour of the constituents, and interphase thicknesses of I 1-lm 
and 0.5 flm. The estimation results of all experiments are summarised in Table 5.5. 

Table 5.5: Estimated values and standard deviations of the Young's moduli of the inter
phases and the maximum equivalent strains in the interphase for different ex
perimental set-ups. 

t; = 1 1-lm t; = 0.5 1-lm 

exp. ~ E; stdv. eq 
ci,max E; stdv. eq 

ci,max 

[flm] [GPa] [GPa] [%] [GPa] [GPa] [%] 

[j 3 2.34 0.74 2.7 1.93 1.05 2.9 

D 3 1.94 0.71 2.8 1.38 0.70 4.2 

~ 3 1.32 0.37 2.3 0.82 0.43 4.0 

[:] 2 2.53 1.00 1.8 1.95 1.02 2.3 

D 2 2.68 0.87 3.4 2.55 1.04 3.7 

Most of the estimation runs converged to stationary values, however for the thickness of 
0.5 1-lm some estimations converged to unrealistic values or did not converge at all. For 
each experiment and interphase thickness, the maximum local strain was calculated with the 
measured boundary conditions and corresponding estimated modulus closest to the average 
value. These strains were lower than the yield strain of the bulk-matrix epoxy, which was 
4.2%. 
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The results show a scatter in the average moduli of the interphases, that were all estimated 
lower than the modulus of the bulk-matrix. The estimates represent an interphase modulus 
value along a very small length of fibre near the composite free surface, caused by the com
bination of surface measurements, finite element modelling and the stress concentration near 
the surface. Small variations in the concentration of sizing material along the length of a fibre 
have been reported by Thomason (1995), which can explain the variation in the estimated in
terphase moduli. A variation of interphase properties over the length of a fibre during normal 
loading conditions was also found by Zhang et al. ( 1997) , who studied debond growth along 
a fibre. For experiment 3, low values were found. This deviation can be due to a local dis
turbance of the silane sizing, by absorbed pollution or by bad impregnation during filament 
winding. Comparison of the interphase moduli for the two thicknesses shows that, except for 
experiment 5, the difference is smaller for a higher modulus, which can be expected since 
this difference should become zero for E;=Em. 

In experiments 4 and 5, a marker distance of 2 Jlm resulted in measurement areas of ap
proximately 18 x 18 Jlm2

• Consequently, a higher magnification of the SEM was used, which 
however did not result in a higher accuracy. The standard deviations in these experiments 
were not smaller than in the first three experiments. For most of the experiments, the stan
dard deviations increased when a thinner interphase was modelled. The reason for this is 
that the influence of the properties a thinner interphase on the marker displacements is less 
significant. 

5.5 Nonlinear elastic constitutive models 

The estimation results, obtained with using linear elastic material behaviour showed a clear 
loading dependence (Table 5.3), caused by local yielding in the interphase. Moreover, as 
can be seen in Figure 5.1, in the elastic region of the stress-strain curve of the bulk-matrix 
(c: < ey) the constitutive behaviour is also nonlinear. Therefore, the estimated interphase 
moduli in Table 5.5 are also affected by this load dependency. 

For a given stress-strain state in the interphase estimation of the Young's modulus with 
a linear model results in linear stress-strain curve from the origin to the stress level. For 
example, if the interphase modulus would equal that of the matrix, for an interphase stress of 
70 MPa (c:= 3.5%), this would result in a (secant) modulus of 2.14 GPa, whereas the initial 
slope of the nonlinear curve is 2.8 GPa. The calculated local strains in the experiments were 
in the range of 1.8% to 4.2%, indicating that an improvement of the constitutive relations is 
needed to obtain more representative estimations. 

To describe the nonlinear behaviour, a polynomial function depending on the equivalent 
strain (c:e9) was used for the Young's modulus, which was then incorporated in the isotropic 
Hooke's law. The equivalent strain is defined as: 

(5.1) 

and a second order polynomial function was chosen for the Young's modulus: 

(5.2) 
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Substitution of equation 5.2 in Hooke's law results in the following relation for the Cauchy 
stress a 11 in a uni-axial tensile test: 

(5.3) 

Fitting this constitutive relation on the uniaxial tensile curve of the bulk-matrix implies: 

oaul Eo (5.4) = 
8cu cu=o 

au ( cu = Ey ) = ay (5.5) 

oalll 
ocu cn=cv 

1 . 10+5 for t: "2_ Ey (5.6) 

from which the constants a1 to a3 can be derived. In equation 5.6, the slope of the stress-strain 
curve at the yielding point has been given a relatively small value, which remains constant 
for higher strains. The constant a1 represents the initial slope of the curve which is equal to 
Eo. 
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Figure 5.14: Nonlinear mechanical behaviour of the matrix (-) and interphase for differ
ent values of Eo (- -). 

1Wo parameters need to be set to incorporate this constitutive relation in numerical simula
tions: Eo and ay. To estimate both parameters, the stress-strain state in the measurements 
have to contain information about the nonlinear behaviour, i.e. the stress-strain state in the 
interphase has to represent more than one point of the nonlinear curve. However, by assum
ing that the ratio of ayj Eo is constant, the nonlinear curve can be defined by one parameter. 
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The value of this ratio was taken equal to that of the matrix, of which Eo= 2.8 GPa and ~Y 
= 75 MPa. For a uniaxial tensile test, variation of Eo then results in the stress-strain curves 
shown in Figure 5.14. The initial slope of these curves are referred to as the Young's moduli. 

The experimental tensile curve in Figure 5.1 exhibits a strain softening part after reaching 
the yield stress, but to prevent mesh dependence ofthe finite element model, a linear relation 
with a small positive slope was assumed for t: > t:y. The experimental results and the finite 
element models were used to estimate this parameter. The mechanical behaviour of the glass 
fibres was modelled linear elastic. The initial value of Eo was set at 2 GPa, and the weighting 
matrices were unchanged. For most estimation runs, the estimate converged to a stable value 
within 6 iterations. The results of the estimations for experiments 1 and 2, for two load steps 
are listed in Table 5.6. For comparison with linear behaviour, these results are shown for a 
thickness of 1 J.lm. 

Table 5.6: Average estimates of the Young's modulus and their standard deviations for 
two interphase thicknesses 

nonlinear linear 

experiment load Eo; stdv. E; stdv. 

[N) [GPa) [GPa] [GPa) [GPa) 

1 250 2.41 0.66 2.34 0.75 

300 1.75 0.27 1.47 0.31 

2 210 2.22 0.72 1.94 0.71 

300 1.80 0.56 1.05 0.27 

Comparison of the nonlinear with the linear results shows that at the lower load levels, the 
averages of Eo are only slightly larger than those of E and the standard deviations are approx
imately equal. At the higher load levels the nonlinear constitutive models yield significantly 
higher moduli for the interphase, indicating that these models are more realistic, however the 
values are still lower than the values obtained at the lower load levels. The maximum local 
strains in the interphase at the higher load levels exceed the yield strain (t::9= 4.2%). Con
sequently, the stresses are determined by the strain softening part of the tensile curve. This 
behaviour was not included in the constitutive equation, explaining the lower values. Also 
for the nonlinear constitutive models, model validation by examining the local strains and the 
residual displacements is necessary. 

Examples of residual displacement fields of experiments 1 and 2, after convergence at the 
load levels where the deformations remain elastic are given in Figure 5.15. The residuals are 
randomly distributed and the maximum lengths of the vectors, 48.1 and 53 nm respectively, 
are smaller than the amplitude of the measurement noise. 
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(a) 0.05 ftm (b) 0.05 ftm 

Figure 5.15: Examples of residual displacement fields after convergence for experiment 
1 and 2 and nonlinear constitutive models; maximum length of the vectors: 
(a) 48.1 nm and (b) 53.0 nm 

The estimation results of all five experiments are summarised in Table 5.7, in which also the 
estimation results for an interphase thickness of 0.5 ftm are included. The maximum equiv
alent strains were calculated with the estimations and corresponding boundary conditions 
closest to the average. In all cases, they did not exceed the yield strain, meaning that the 
estimated moduli were not influenced by strain softening. For the interphase thickness of 1 
ftm, the estimated values of Eo; are larger than the values obtained with linear constitutive 
behaviour, but the differences are very small, which is caused by the modelling technique. 
Forces were not part of the boundary conditions such that a stiffness ratio of fibre, interphase 
and matrix is estimated. A small change in the properties of the fibre will not influence the 
estimation, such that the estimate depends on the mechanical properties of the bulk-matrix 
and the thickness of the interphase. For the matrix strains in the experiments, the linear model 
of the matrix predicts higher stresses than in the actual tensile curve (Figure 5.1 ). This results 
in higher estimates of the Young's modulus of the interphase than the secant modulus of the 
actual constitutive behaviour of the interphase. Therefore, the difference between the average 
estimates obtained with the linear and nonlinear models is small. For the interphase thick
ness of 0.5 ftm, the strains in the interphase were higher, yielding a larger difference between 
the initial slope of the tensile curve and the secant modulus, resulting in a larger difference 
between the estimates. 

The constitutive relation can also be used to estimate both the initial Young's modulus and 
the yield stress. This would be possible if the strain distribution in the interphase contains 
sufficient information about the constitutive behaviour, i.e. it represents more than one point 
of the stress strain curve. However, the strain distributions in the experiments did not contain 
sufficient information. The strains in the part of the interphase located in the central regions 
of the models were approximately constant. Near the boundaries of the models, the strains in 
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the interphase are strongly affected by the measurement noise. 

Table 5.7: Estimated values and standard deviations of the Young's moduli of the inter
phases and the maximum equivalent strains in the interphase for different ex
perimental set-ups, calculated with the nonlinear constitutive models. 

t ; = 1 J.lm t ; = 0.5 J.lm 

exp. ~ Eo; stdv. eq 
€i,max Eo; stdv. eq 

ci ,max 

[J.lm] [GPa] [GPa] [%] [GPa] [GPa] [%] 

[J 3 2.41 0.66 2.4 2.18 0.99 3.0 

D 3 2.22 0.72 2.6 1.82 0.70 4.2 

u 3 1.39 0.39 2.1 1.03 0.68 4.2 

~ 2 2.50 1.03 1.9 2.13 1.00 2.8 

D 2 2.78 0.81 3.9 2.89 1.01 4.1 

5.6 Conclusions 

The measurement technique and the experimental-numerical method were combined for the 
estimation of the elastic mechanical properties of interphases in high fibre volume fraction 
composites. Marker grids consisting of 'black spots' were made at different positions with 
respect to the fibre cross-sections, representing different experimental set-ups. The measured 
displacements within the fibre cross-section were small and increased with distance to the 
fibre edge and for increasing load levels. Finite element models of the experiments and the 
estimation algorithm were used to estimate the properties of the interphases. 

At each load level10 images were stored, resulting in lOdifferent sets of measured bound
ary displacements and measurement columns. First, linear elastic constitutive equations were 
used. For the estimation of the Young's modulus of the interphase, the estimations were 
shown to converge to stable values within 6 iterations, and the standard deviations of the av
erage moduli were comparable to a measurement noise of 10%. Reducing the thickness of the 
interphase from I to 0.5 J.lm resulted in an increase of the standard deviations. At higher load 
levels, smaller values for the modulus were found, indicating a loading dependence due to the 
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nonlinear behaviour of interphase and bulk-matrix. Validation of the estimations comprises 
two parts: (i) examination of the maximum strains calculated with the estimated interphase 
properties and (ii) examination of the residuals, of which the amplitude was comparable to 
the amplitude of the measurement noise. 

More realistic values were estimated by implementing nonlinear constitutive behaviour 
for the interphase and matrix, which were used to estimate the Young's modulus while the 
ratio of yield stress and Young's modulus was taken constant. Without taking the results of 
one experiment into account, of which the estimations significantly differ from the others, an 
average Young's modulus of 2.5 GPa was found for an interphase thickness of 1 Jim and 2.3 
for 0.5 Jim (matrix modulus 2.8 GPa). 

Since there is no information in the literature to which these results can be compared, 
it is difficult to validate the estimated moduli. However, Thomason (1995) showed that the 
interphase in silane sized glass-fibre-reinforced composites consists of a modified matrix re
gion in which part of the sizing material is dissolved. Recent research performed at Sheffield 
University showed a decrease in modulus when a small amount of silane was dissolved in an 
epoxy matrix, which has also been found for the estimated Young's modulus ofthe interphase 
with respect to that of the matrix. For an accurate validation of the experimental-numerical 
method, materials with controlled interphase properties and thickness are needed. One pos
sibility to achieve such materials is the use of fibre-coatings with controllable properties of 
the coating material. Some pilot experiments have been performed using single fibre model 
composites in which an epoxy coating was applied to the glass fibre. The results of these 
experiments are described in Appendix A. 



6 Determination of the Interfacial 
Normal Strength using single fibre 
model composites* 

6.1 Introduction 

Most of the work to characterise interfaces has been performed in shear loading conditions, 
as was discussed in Chapter 2. Experiments such as pull-out, microdebond, fragmentation 
or microindentation tests in combination with numerical models of these experiments result 
in a value for the interfacial shear strength (ISS) (Rao et al., 1991; Herrera-Franco, 1992). 
Accurate values for the interfacial shear strength were obtained due to the developments in 
laser Raman spectroscopy (Galiotis, 1993; Young et al., 1995). However, since the first failure 
mechanism in composite structures is debonding in the transverse plies, not the interfacial 
shear strength but the strength of interfaces in normal loading conditions is the most critical 
parameter. Despite the importance of transverse debonding, only recently, some attention 
has been focused on the characterisation of interfacial normal properties (Zhang et al ., 1997; 
Varna et al., 1997; Gundel et al., 1995; Warrier et al., 1996a+b). 

For glass fibres, the interfacial strength can be improved by applying sizings to the sur
face, and for carbon fibres oxidative surface treatments are used to increase the chemical 
reactivity. Improvements in adhesion are evaluated by testing the influence of the treatments 
on macroscopic interface dominated properties and interfacial test methods showed that the 
interfacial shear strength increased with for example longer surface treatment of carbon fi
bres. However, the influence of fibre surface changes on the interfacial normal strength has 
not been reported yet. 

In this chapter, the experimental-numerical method is used to determine the strength of 
interphases in normal loading conditions. Because the local stresses are maximum at the tran
sition between fibre and interphase, this material property will be referred to as the interfacial 
normal strength (INS). 

•This chapter has been partly reproduced from (i) Advanced Composite Letters, P. F. M. Meurs, P. J. G. 
Schreurs and T. Peijs, Measurement of the Interfacial Nonnal Strength in Single Fibre Transverse Tensile Tests, 
Vol. 6, No. I, I997, pp. 13-18 and (ii) Composites Part A, P. F. M. Meurs, B. A. G. Schrauwen, P. J. G. Schreurs 
and T. Peijs, Determination of the Interfacial Nonnal Strength using Single Fibre Model Composites (accepted) 
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The stress concentration at the free surface of a transversely loaded composite is used to 
monitor debond initiation in single fibre model composites. Because debonding starts from 
the free surface, the moment of initiation can be recorded by observation of this surface during 
experiments in the SEM. Measured marker displacements are then used as input for numerical 
simulations of these experiments, to calculate the local interface stresses at increasing global 
load levels (Meurs et al., 1997a; Meurs et al., 1997b). 

An advantage of the measurement technique used in this work is that, where laser Raman 
spectroscopy is restricted to the use of carbon, ararnid or other highly oriented polymeric 
fibres, measurements can be performed on more fibre matrix combinations. The maximum 
stresses just before debonding were determined for glass fibres with a silane sizing and car
bon fibres with surface treatment levels ranging from 0% (untreated) to 100% (commercial 
treatment level) and an epoxy matrix. The mechanical properties of these materials are sum
marised in Section 6.2. In Section 6.3, the stress and strain state near the free surface and 
the numerical modelling of measurements with larger displacements and strains will be dis
cussed. Section 6.4 gives the experimental results, which are used in Section 6.5 to calculate 
the local interface stresses without modelling an interphase between fibre and bulk-matrix. 
The accuracy of these results were improved by characterising the interphase properties for 
the carbon-fibre specimens, which is described in Section 6.6. In Section 6.7, the interfacial 
normal strengths are presented for different carbon-fibre surface treatments and compared to 
the interfacial shear strengths. 

6.2 Materials 

Single fibre model composites were fabricated using the technique and materials described 
in Chapter 3. The mechanical and thermal properties of the fibres and matrix used are listed 
in Table 6.1. The properties of the glass fibres and epoxy matrix are isotropic, whereas those 
of the carbon fibres (Courtaulds PLC, Apollo 1M 43-750) were assumed to be transversely 
isotropic. The mechanical behaviour of the epoxy matrix was taken from uniaxial tensile and 
compression tests. The tensile tests were used to determine the initial Young's modulus and 
Poisson's ratio and the nonlinear elastic part, which was described in the previous chapter. 
The constitutive behaviour beyond the yield point was determined from compression tests. At 
small plastic strains, the epoxy shows a strain softening part, which was not included in the 
simulations to prevent mesh dependence of the results. Beyond the yield point, strain hard
ening with a very small slope was assumed. At larger plastic strains (>30%) the behaviour 
exhibits more pronounced strain hardening. This mechanical behaviour was modelled in the 
finite element analyses by implementing a piecewise-linear constitutive relation. 
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Table 6.1: Mechanical and thermal properties of .fibres and matrix 

glass fibre carbon fibre epoxy matrix 

Young's modulus E [GPa] 70 - 2.8 
Poisson's ratio v [-] 0.22 - 0.40 
yield strain C: y [%] - - 4.6 
yield stress O'y [MPa] - - 75 
longitudinal Young's modulus E LL [GPa] - 305 -
transverse Young's modulus E TT [GPa] - 12 -
longitudinal Poisson's ratio VLL [-] - 0.009 -
transverse Poisson's ratio VTT [-] - 0.30 -
shear modulus Gn [GPa] - 14 -
coefficient of thermal expansion a [K-1] 1-10-6 - 5.8·10-5 

longitudinal coeff. of therm. exp. <lLL [K-1] - -1 ·10-7 -
transverse coeff. of therm. exp. OTT [K-1] - 1·10-5 -

6.3 The stress-strain state near the free surface of transversely loaded 
composites 

As was described in Chapter 4, the stress-strain state near the free surface differs from that 
in the interior of the specimen, where a plane-strain state can describe the mechanical be
haviour. Initiation of debonding will be preceded by yielding of the interphase and some of 
the surrounding matrix. The influence of the elevated stresses at the surface on this yield
ing was examined with a 3D finite element model of a composite with square fibre packing, 
which can be compared to results obtained with commonly used plane-strain models. 

Considering a representative volume element consisting of a quarter of a fibre and sur
rounding interphase and matrix, plane-strain modelling predicts the onset of yielding in the 
interphase at an angle of 45° with the loading direction. The yielding zone remains small , 
and the local strains are relatively high at small macroscopic strain levels. Figure 6.1 shows 
the yielding initiation and growth near the free surface of such a composite, simulated with 
a 3D model. A glass-fibre-reinforced epoxy composite with a fibre volume fraction of 50% 
and an interphase with mechanical properties equal to those of the matrix was modelled. The 
global load was applied in the model x-direction. Yielding initiates in the interphase at the 
free surface at an angle of 0° with respect to the loading direction at a macroscopic strain level 
of 0.8%. Increasing the macroscopic strain level causes the yielded area to expand along the 
interphase and in thickness direction. At a macroscopic strain of 1.2%, yielding initiates in 
the interior of the model, which was in agreement with 2D plane-strain simulations of this 
geometry. Comparison of 3D and 2D models shows that in the 3D case yielding at the sur-



92 Chapler6 

face not only initiates at a lower macroscopic load but also at a different location along the 
interphase. A carbon-fibre-reinforced composites showed a similar deformation behaviour. 

(a) (b) 

Figure 6.1: Contour plots of the total equivalent plastic strain in a glass-fibre composite: 
(a) initiation of plastic defonnation at the free surface at 0.8% macroscopic 
strain and (b) the yielding zone at 1.2% macroscopic strain. 

The interfacial normal strength is the stress at which debonding initiates. To examine 
the interface stresses during the experiment, the 3D finite element model was subsequently 
used to calculate these stresses for increasing macroscopic load. The radial and tangential 
interface stresses are shown in Figure 6.2 for several states of deformation in the interphase. 
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Figure 6.2: (a) Radial, and (b) tangential interface stresses as a function of the maximum 
local strain in the interphase(- c:; = 3.7%, -- c:; = 5.6%, · · · c:; = 12.3%). The 
constitutive behaviour at these strain levels is shown in the lower left corners. 
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A part of the constitutive behaviour of the interphase is shown in the lower left corners of 
the figures, in which the increasing maximum local strains are marked. For a maximum local 
strain of 3.7%, which represents elastic deformation, the maximum radial interface stress 
is already 109 MPa, which is significantly higher than the Von Mises yield stress. Due to 
the triaxial stress state near the interface, the Von Mises yield criterion in not yet satisfied, 
i.e. the hydrostatic stress near the surface is relatively large. For a maximum local strain 
of 5.6%, yielding in the interphase had occurred, and the local stresses have increased to 
a maximum of t7rr = 135 MPa. Further loading causes an increase of the plastic strain, 
and for a maximum total strain of 12.3%, the maximum stress is 180 MPa, which means 
that also during yielding the contribution of the hydrostatic stress increases and the local 
stress components still increase. In Figure 6.2, it can be seen that the ratio of the maximum 
tangential and radial interface stress increases, also for the two highest load steps, where the 
Von Mises stress only slightly increases. During elastic deformation, the maximum tangential 
stress is approximately 70% of the maximum radial stress. However, for increasing plastic 
deformation, the difference between t7 rr and t7ee becomes less, resulting in an increase of the 
hydrostatic stress, which explains the high values of the stress components. 

During the experiments, displacements were measured at the specimen surface. Finite 
element models were built by generating a 2D mesh according to the geometric input from 
the experiments and expanding this geometry in thickness direction. In the previous chapter, 
the boundary displacements were prescribed over the thickness of the model. However, to 
give an accurate representation of the experimental stress-strain state at higher load levels the 
boundary conditions need to be adjusted. Figure 6.3 gives an example of a finite element 
model. The experimental set-ups were the same for all experiments presented in this chapter. 

Figure 6.3: In-plane geometry of a finite element model of an experiment. 

Due to the stiffness difference between fibre and matrix the matrix will contract in thickness 
direction when the specimen is loaded, while this contraction in the fibre is negligible. Con
sequently, nodes with equal x- and y-coordinates in the vicinity of the fibre surface will have 
different x- and y-displacements, with the largest displacements at the surface. Displace-



94 Chapter6 

ments of boundary nodes in this area can not be prescribed equal over the thickness of the 
model. To obtain a good representation of the actual deformation near the fibre, both mea
sured x- and y-displacements were only prescribed over the thickness for boundary nodes 
located at edge BC and in the cross-section of the fibre (EF). At the other boundaries, both 
measured displacements were prescribed for nodes located at the surface, and for the nodes 
in the interior only the displacements in loading (x-) direction were prescribed. 

6.4 Experimental Results 

The experimental procedure differs from the experiments in the previous chapter, where the 
attention was focused on elastic deformations. Because the stress state just before debonding 
will be studied, experiments were performed with small load steps until debonding was ob
served. Before loading, marker grids were produced covering approximately one half of the 
fibre cross-section and surrounding matrix. For all specimens, several markers were placed 
inside the fibre cross-section to evaluate the displacement field after image analysis. 

Single glass-fibre-reinforced composite 
Figure 6.4 shows measured displacement fields of an experiment with a glass fibre at a small 
macroscopic load level, and at the level just before debonding occurred. The spacing between 
the markers was 3 pm. 
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Figure 6.4: Measured displacement fields near the glass fibre at macroscopic loads of (a) 
75 Nand (b) 218 N. The scale bar shows the size of the displacements. 

Only in the vicinity of the fibre, the displacements of the markers are influenced by the stiff
ness difference between fibre and matrix, and are, consequently, not oriented in the horizontal 
direction. The maximum displacement components for these load levels (ux,max) were 0.15 
and 0.52 pm and the pixel size was 55 nm. 
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Single carbon-fibre-reinforced composites 
In addition to the experiments with glass fibres, carbon fibres were used to determine the in
terfacial normal strength. The fibres were unsized and had oxidative surface treatment levels 
of 0, 10, 50 and I 00%, where the latter is the commercial fibre. The different treatment times 
result in different levels of adhesion, which resulted in different values of the interfacial shear 
strength. Birefringence observations during single fibre fragmentation tests on the same type 
of fibres in an epoxy matrix showed differences in stress transfer from matrix to fibre (De
saeger and Verpoest, 1991; van den Heuvel et al., 1997). For the treated fibres, yielding could 
be observed, whereas for the untreated fibres debonding occurred before yielding of the ma
trix material in the vicinity of the fibre could be detected. Drzal ( 1982) found a similar effect 
with different fibres. Especially for the untreated fibres, the stress transfer was shown to be 
very poor due to the presence of a weak surface layer, which is formed during graphitisation 
of the fibres. Surface treatment removes this surface layer and adds surface-oxygen (Drzal, 
1982). The largest increase in interfacial shear strength was therefore found between the 0% 
and 10% treatment level, which was also found by Baillie and Bader (1993). 

For all surface treatment levels four experiments were performed to determine the strength 
of the interphase in normal loading conditions. Figure 6.5 shows a 7 x 7 marker grid with an 
average spacing of 2 ftm. Because the diameter of these fibres (3.5 to 4.5 ~tm) is smaller than 
the diameter of the glass fibres, in all carbon-fibre experiments a marker spacing of 2 ~tm was 
used. The image shows that the contrast between the fibre and matrix is low which makes 
it difficult to detect the fibre with the SEM. Examination of the gauge section of a specimen 
with an optical microscope in transmission mode was used to locate the fibre, and the dust 
particles present on the surface after polishing and drying, which are white in Figure 6.5, 
were used as a reference to locate the fibre with the SEM. 

Figure 6.5: Cross-section of a carbon fibre and a marker grid in reference situation. 
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Examination of the cross-sections of the fibres showed that their shape was not exactly cir
cular. The positions of the fibre edges were determined from the image of the surface and 
assumed to be constant over the length of the fibre. Evaluating the results of these experi
ments revealed that the macroscopic load at which debonding occurred increased for increas
ing surface treatment level. Because the variation in geometry of the specimens was small, 
this indicated a higher interfacial strength for the higher treatment levels. For 50% and I 00% 
treated fibre specimens, debonding initiated just before macroscopic yielding of the specimen 
occurred. At load levels just before debonding, relaxation could be observed. To exclude the 
influence of relaxation, images were taken 5 minutes after the motor of the tensile stage was 
stopped. 

Figure 6.6 shows measured displacement fields near an untreated carbon fibre at increas
ing load levels. The higher load level shows the displacements just before debonding. The 
maximum displacement components for this experiments were 0.07 J.Lm and 0.16 J.Lm . 
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Figure 6.6: Measured displacement fields for a 0% treated carbon fibre at macroscopic 
loads of(a) 82 Nand (b) 211 N. 

Even without determining the marker displacements and simulation of the experiment a dif
ference between the 0% and the 100% treated fibre could be observed. For a 100% treated 
fibre, of which the reference image was shown in Figure 6.5, the digital image at the load 
step just before debond initiation is shown in Figure 6.7. As can be seen in the image, some 
charging occurs near the interphase. The area near the interphase is highly strained leading 
to a decrease in thickness of the gold-palladium coating, resulting in charging which shows 
as a white area. During loading of specimens with untreated fibres this phenomenon was not 
observed, indicating a lower interfacial normal strength. 
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Figure 6.7: Cross-section of a carbon fibre and a marker grid just before crack initiation. 

Figure 6.8 shows the measured displacement fields near a 100% treated fibre. The displace
ments at the highest load level correspond to the image in Figure 6.7. The maximum dis
placement components were 0.16 J.lm and 0.50 J.lm. The maximum observed displacements 
were higher than for the untreated fibre specimens. Relating these displacements to the size of 
the marker grids showed that the macroscopic strain required for debond initiation increased 
from 1% for the untreated fibre to 3.3% for the commercial fibre. 
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Figure 6.8: Measured displacement fields a 100% treated carbon fibre at macroscopic 
loads of(a) 123 Nand (b) 315 N. 
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An example of debond initiation of a 100% treated fibre is given in Figure 6.9a. Further 
loading of this specimen caused crack opening in radial direction, after which crack growth 
into the matrix was observed (Figure 6.9b ). However, from viewing the surface of the spec
imen, no information could be obtained regarding the crack growth in the interior of the 
specimen. 

(a) (b) 

Figure 6.9: Crack initiation and crack growth in a single carbon fibre model composite. 

In the following sections the experiments will be analysed numerically. The interfacial nor
mal strength was defined as the maximum radial interface stress at the free surface at the 
moment of debond initiation. Because this moment cannot be captured experimentally, the 
maximum stress at the load step just before initiation was taken as the value of the interfacial 
normal strength. 

6.5 Numerical Simulation of Experiments 

The positions and displacements of the border markers were used as input for the finite el
ement models. The adhesion between fibre and matrix was assumed to be perfect, and for 
the first analysis no interphase model was included. The models were first used to study the 
maximum strains near the interface just prior to debonding. 

Single glass-fibre-reinforced composite 
The total strain distribution near a glass fibre is shown in Figure 6.1 0. The maximum strain 
occurs at an angle of oo with respect to the horizontal loading direction and reaches a value 
of 5.8%. The model was used to determine the stresses in the matrix next to the fibre surface 
and free surface, for several load levels of the experiment. The radial and tangential stresses 
are shown in Figure 6.11. Near the boundaries of the model, especially where the displace
ments are small, irregularities in the strain field can be observed (Figure 6.10) caused by the 
measurement noise. 
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Figure 6.10: Contour plot of the strain distributions just before debond initiation in a 
single glass-fibre specimen. 

Because of this noise, the interfacial stresses are plotted for angles between -60° and 60°. 
The maximum radial stress just before debonding in this experiment was 133 MPa. A second 
experiment revealed an interfacial normal strength of I 05 MPa, resulting in an average of 
119 MPa for this glass-fibre/epoxy system. In the graphs, the stress values in the integration 
points are shown together with a fitted curve. They were calculated for a polar coordinate 
system, thus assuming that the fibre cross-section is circular. 
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Figure 6.11: (a) Radial and (b) tangential interfacial stresses for increasing global load. 
oo=75 N, ++=101 N, **=153 N, x x=178 N, oo=218 N. 
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The main cause of the deviations of the values from the curves is the fact that the actual fibre 
cross-section, as determined from SEM images, is not exactly circular. Both graphs show 
increasing stresses for increasing macroscopic loads with their maximum at oo. At all levels 
the radial stresses were higher than the tangential stresses and the trend corresponds to the 
results shown in Figure 6.2. The interfacial shear stresses at 0° were all smaller than the radial 
and tangential stresses. The largest interfacial shear stress was Tzr, which was maximum at 
the free surface (Tzr = 0.25 O"rr) and gradually decreases with distance to the surface. 

Single carbon-fibre-reinforced composites 
The results of the carbon-fibre experiments are represented by examples of an untreated and a 
commercially treated fibre. For these experiments the strain distributions just before debond
ing are shown in Figure 6.I2 on the same scale. The strains near the untreated fibre were low 
and in the bulk matrix strains, varying from I% to 2% were calculated. The maximum strain 
at the interface was 3.5% which means that in this case no matrix yielding occurred before a 
debond initiated. 
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Figure 6.12: Contour plots of the strain distributions just before debond initiation near 
an (a) untreated (e:i,max = 3.5%), and (b) a commercially treated fibre (e:i,max 
= 22%). 

Considering all experiments with untreated fibres, a maximum strain of 8% was calculated. 
This relatively large scatter in maximum strains, which results in a scatter of INS values, was 
only found for the untreated and I 0% treated fibres. As a consequence of the increase of the 
stress concentration near a free surface, the strengths were measured at one location along the 
length of the fibre. The scatter in values indicates that the strength varies along the length, 
which has also been found by Zhang et al. (Zhang, I997). The interface stresses at four 
increasing load steps are given in Figure 6.I3. 
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Figure 6.13: (a) Radial, and (b) tangential interfacial stresses for increasing global load 
for an untreated carbon fibre (oo = 83 N, x x = 120 N, ** = 150 N, 
++ = 180N). 

The strains in the model with the I 00% treated fibre were larger. In the bulk matrix, strains 
vary from 2% to 4% and near the interface, strain concentrations with strains higher than I 0% 
over a large area (-60° to +60°) can be seen. The maximum calculated strain was 22%. As 
a result, it can be concluded that the charging in Figure 6. 7 is caused by local yielding. The 
interface stresses for this experiment are shown in Figure 6.14. 
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Figure 6.14: (a) Radial, and (b) tangential interfacial stresses for increasing global load 
fora commercially treated carbon fibre (oo = 200 N, x x = 260N, ** = 311 
N, ++ = 335 N). 
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The stresses reach their maximum values at an angle of 0°. For the lower global loads, 
the radial stresses were higher than the tangential stresses, but for the load step just before 
debonding, the tangential stresses are slightly higher, which was already predicted in Section 
6.3. The results in Figures 6.13 and 6.14 show that also in the experiments the hydrostatic 
stress at the interface near· the free surface is high, resulting in high values of (J'rr and (}'88 . 

6.5.1 The interfacial normal strength for the different fibres 

The calculated stress values have to be corrected for the residual stresses. Because the resid
ual stresses are approximately equal for all specimens containing a similar type of fibre, 
they were calculated with a finite element model representing the single fibre specimen. A 
cooldown from post-cure temperature to room temperature was simulated. In a plane-strain 
situation, shrinkage of the matrix will result in a compressive residual radial stress at the in
terface. Near the free surface, however, shrinkage in thickness direction influences the stress 
state, resulting in radial and tangential tensile stresses of 23 MPa and 27 MPa for a glass-fibre 
specimen, and 26 MPa and 32 MPa for a carbon-fibre specimen. In the interior, a compressive 
radial stress of 6 MPa and a tensile tangential stress of 6 MPa were calculated. 

The averages of the results of all test treatment levels of the carbon fibres are listed in 
Table 6.2. For the interface stresses, the scatter in results is also given. The size of the marker 
grid was approximately equal for all experiments, such that the measured displacements for 
the different treatment levels can be compared. 

Table 6.2: Experimental results and INS values for different surface treatments 

C-fibre Ux,max 
tot 

Ceq,max (J'rr,max=INS (J'88,max 

0% 0.22J-Lm 7.5% 167.5 ±40 MPa 157.5 ±45 MPa 

10% 0.27 J-Lm 13.0% 185.3 ±40 MPa 180.8 ±45 MPa 

50% 0.37 J-Lm 21.3% 220.0 ±20 MPa 227.1 ±20 MPa 

100% 0.39J-Lm 23.8% 240.3 ±20 MPa 255.0 ±20 MPa 

Figure 6.15 shows the interfacial normal strength as a function of the treatment level. 
From the data it is clear that a better surface treatment, as a result of an increasing oxygen 
concentration of the fibre surface, results in a better adhesion. The average maximum equiv
alent total strain measured before debond initiation increased from 7.5% to 23.8%, which 
corresponds to a macroscopic strain increase of approximately 2%. Even for the untreated 
fibre local yielding in a small area near the interface was found to occur. For increasing 
treatment, not only the maximum value of the strain increases, but also the size of the yield 
zone around the fibre. As a result, the stress is transferred from matrix to fibre through a 
yielding matrix. The INS values increase from 168 MPa to 240 MPa. The accuracy of these 



Determination of the interfacial normal strength 103 

values was influenced by simplifications in the modelled yielding behaviour of the matrix. 
Refinement of the finite element mesh did not give significantly different results. 

[MPa] 

INS 

-- surface treatment [%] 

Figure 6.15: Interfacial nonnal strength as a function ofsuiface treatment level 

6.6 Incorporation of an interphase model 

The results in Table 6.2 and Figure 6.15 show that the measurement technique, combined 
with the numerical modelling of the experiments can be used to determine the interfacial 
normal strength. The accuracy of these values was influenced by simplifications in the mod
elled yielding behaviour of the matrix. Refinement of the finite element mesh did not give 
significantly different results. However, using the measured displacements as input for the 
experiments has also a disadvantage. To obtain accurate values of the stresses in the material, 
the constitutive behaviour of all the constituents of the material has to be taken into account. 

In the previous chapter it was shown that measured displacements at small load steps, rep
resenting elastic deformations, can be used to estimate the Young's modulus of interphases. 
However, the yield stress could not be determined. For this reason, the constitutive behaviour 
of the interphase was modelled as nonlinear elastic and the yield stress was coupled to the 
initial Young's modulus. 

To determine the interfacial normal strength with estimated interphase properties, the 
yielding behaviour of the interphase was assumed to be equal to that ofthe matrix, but shifted 
up or down according to the estimated yield point. The resulting constitutive behaviour of 
the interphase is given in Figure 6.16 as a function of the Young's modulus. The solid line 
represents the constitutive behaviour of the bulk matrix, with an initial Young's modulus of 
2.8 GPa. The dotted line with the lowest yield stress represents the behaviour with an initial 
modulus of 1.5 GPa. 
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Figure 6.16: Constitutive behaviour as a function of the initial Young's modulus 

The mechanical properties of the interphases were estimated for an interphase thickness of 
0.4 pm. Williams et al. (1990) showed that the thickness of the interphase in a carbon
fibre-reinforced-epoxy composite can reach a value of 0.5 pm. By performing displacement 
measurements on the surface of a disk of resin containing one fibre which is loaded longitu
dinally, they found that the Young's modulus of the interphase was about one quarter of the 
matrix modulus. The details of the estimation of the mechanical behaviour of the interphases 
for the materials used in this work are described in appendix A. 
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Figure 6.17: Average Young's modulus of the interphase as afunction of the treatment 
level. 
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Figure 6.17 gives the average interphase modulus as a function of surface treatment. The 
increased oxygen concentration not only influences the strength of the adhesion but also 
the properties of the interphase. For the commercial fibre treatment, the average interphase 
modulus equals the modulus of the matrix. 

Usually, the improved adhesion between fibre and matrix is attributed to an increase in 
surface oxygen. Relating the macroscopic transverse strength of a composite with a fibre vol
ume fraction of 60% to the oxygen concentrations, which were measured to be 5.8%, 6.8%, 
10.3% and 10.5% for the given treatment levels (de Kok, 1995), resulted in a linear increase 
of interface strength assuming a periodic fibre packing. However, the surface treatment not 
only resulted in an increased level of adhesion at the interface (Figure 6.15), but also changed 
the elastic properties of the interphase. The interphase model, used in these numerical sim
ulations, averages the contributions of all possible constituents (Figure 2.1 ). The increase 
in Young's modulus from the untreated to the 10% treated fibres can be attributed to there
moval of the weak surface layer by the surface treatment. Apparently, additional treatment 
influences the morphology and chemical composition of the interphase, leading to an increase 
in Young's modulus. To obtain better insight, new techniques need to be developed that can 
analyse the morphology and chemical composition of the interphase as a function of surface 
treatments. The interfacial normal strength is not only influenced by the increased level of 
adhesion between fibre and interphase (reactive sites and/or surface oxygen concentration), 
but also by the constitutive behaviour of the interphase. For this reason, plotting the INS 
values and the Young's moduli of the interphases as a function of the treatment level was 
preferred over plotting them as a function of the surface oxygen concentration. 

For each experiment, the average estimated Young's modulus and corresponding consti
tutive behaviour (Figure 6.16) were used to recalculate the interfacial normal strength and 
thermal residual stresses. The results are summarised in Table 6.4. 

Table 6.3: Experimental results and INS values for different surface treatments 

C-fibre (J' rr,max=INS (J'IJIJ,max 

0% 130.8 ±40 MPa 126.3 ±40 MPa 

10% 161.3 ±40 MPa 165.0 ±40MPa 

50% 204.5 ±20 MPa 213.0 ±20MPa 

100% 221.7 ±20 MPa 230.7 ±20 MPa 

Figure 6.18 shows the INS as a function of the surface treatment level. For the 10% and 
100% treatment levels, one experiment did not give converging estimates of the Young's 
modulus. These experiments are not included in the averages presented in this table. For one 
experiment with the 50% treatment level, the Young's modulus converged to a value of 2.56 
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GPa. However, in this experiment debonding was observed at much lower stresses than for 
the other experiments. Hence, also this experiment was not included in Tables 6.2 and 6.4. 
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Figure 6.18: Interfacial normal strength as a function of surface treatment level, with 
incorporation of the constitutive behaviour of the interphase. 

In the literature, only information on the interfacial shear strength (ISS) as a function of sur
face treatment can be found. Therefore it is interesting to analyse whether the improvement 
of adhesion, due to surface treatment, is just as effective for both loading conditions . 

... .. ... : ............... ~X . . 

0.75 

0.5 

0.25 

~20 140 240 

--INS [MPa] 

Figure 6.19: Comparison of INS-data with results of single fibre fragmentation tests per
formed by Van den Heuvel et al. ( 1997). 
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In Figure 6.19, the INS data are compared to data from single fibre fragmentation tests on the 
same type of fibres and resin system, performed by Van den Heuvel et al. (1997). To exclude 
the influence of the various analysis methods, used to obtain the interfacial shear strength, 
the INS data are plotted versus the inverse of the critical length (L 0 ), which is proportional 
to the interfacial shear strength. Van den Heuvel et al. found a relatively large increase in 
adhesion between the 0% and the I 0% treated fibre and for increasing surface treatment, a 
slightly less decrease in critical length was found, resulting in a nonlinear relation between the 
shear strength and the surface treatment level. A similar trend was found for the INS results 
(Figure 6.18), such that this results in a linear relationship between ISS and INS, represented 
by the solid line in Figure 6.19. In this case, the relative effect of the surface treatment on the 
adhesive bond strength is approximately the same. Desaeger and Verpoest (1991) performed 
fragmentation tests with the same set of fibres, but with a different epoxy matrix. Their results 
show a linear relation between surface treatment level and critical length. 

6.7 Influence on macroscopic composite properties 

For high fibre volume fraction composites, the increase in interfacial normal strength results 
in an increase of the macroscopic transverse Young's modulus and strength (de Kok et al., 
1995). The macroscopic composite properties were measured for a fibre volume fraction of 
approximately 60%. Although it is difficult to relate the increase in Young's modulus of the 
interphase to the amount of surface oxygen on the fibre surfaces, a simple rule of mixtures 
based analysis shows a linear relation between the inverse of the interphase modulus and the 
inverse of the macroscopic transverse composite modulus. Figure 6.20 shows the relation 
between the inverse values of the estimated interphase modulus (thickness 0.4 Jim) and the 
macroscopic composite modulus (E-; 1 

). 
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Figure 6.20: Relation between the macroscopic transverse Young's modulus (VJ ~ 60%) 
and the modulus of the interphase with a thickness of0.4 Jim. 
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De Kok (1995) measured an increase in macroscopic modulus with increasing surface treat
ment level except for the commercially treated fibre, for which a lower value was found. This 
value was not included in the calculation of the line in Figure 6.20. 

In Chapter 1, Figure 1.4, a relation between the macroscopic transverse strength and the 
interfacial normal strength was discussed. The failure mode in the macroscopic experiments 
was found to be debonding for all treatment levels, such that a linear relation should exist 
between the interfacial normal strength and the macroscopic strength. Figure 6.21 shows the 
composite strength (a c) as a function of the measured INS values. A linear relation exists, 
showing that the maximum composite strength, characterised by matrix dominated failure 
has yet been reached. 

[MPa] 

-INS [MPa] 

Figure 6.21: Relation between the macroscopic transverse strength (V1 ~ 60%) and the 
interfacial normal strength. 

In high fibre volume fraction composites, debonding initiates at the specimen surface at the 
interface for which the combination of stress concentration, thermal residual stresses and 
interface strength has its lowest value. Consequently, the relatively large scatter in results 
as listed in Table 6.4 influences the macroscopic properties. A combination of low strength 
and high local stresses will result in debonding initiation at this location and, depending on 
the mechanical properties of the interphase and matrix, multiple debonding or instantaneous 
macroscopic failure will occur. 

6.8 Conclusions 

The numerical models, using experimental input data, were used to determine the interfa
cial normal strength. Single fibre transverse tensile tests on glass- and carbon fibre/epoxy 
specimens were performed. Different levels of adhesion were examined in the carbon-fibre 
specimens, using fibres with surface treatment levels ranging from 0% to 100% of the com-
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mercia) surface treatment. The elevated stress level near the free surface of a specimen was 
exploited to observe debond initiation during experiments in the SEM. Experiments with 
small load steps were performed until debonding occurred. Numerical simulations showed 
that yielding initiates at the specimen surface. Examination of the interfacial stresses revealed 
a large hydrostatic stress at the surface. Also during yielding near the interface, the radial and 
tangential stress components increased upon increasing macroscopic load. 

Surface observation with the SEM during loading of a commercially treated carbon-fibre 
composite indicated large deformations near the interface before initiation of debonding. 
Measurement of deformation around a fibre in single fibre specimens in combination with 
finite element modelling, in which the measurements were used as boundary conditions, 
were used to analyse local deformations and stresses. Comparison of local deformations 
for the different fibres showed that for the glass fibres and the untreated carbon fibres no or 
only minor plastic deformations were observed before debonding started to occur. However 
with increasing treatment of the carbon fibres, the observed deformations and the plastically 
deformed area increased. 

The interfacial normal strength (INS) was defined as the maximum radial stress that oc
curred at the interface, at the free surface just before de bonding was observed. The radial and 
tangential stresses at this location were calculated at each load level in the experiments and 
were shown to increase with macroscopic load. Without taking an interphase into account, 
the average INS values for the different fibres were shown to increase with increasing surface 
treatment. 

More accurate values of the interfacial strength were obtained by incorporating an inter
phase in the models. The mechanical properties of this interphase were estimated for the 
carbon-fibre composites at small load levels resulting in elastic deformations. The Young's 
modulus was shown to increase with increasing treatment, resulting in a larger difference in 
INS values between the untreated and commercially treated fibre. 

Based on these results, it can be concluded that the presented technique can be used 
for the measurement of the interfacial normal stress. Comparison to data of single fibre 
fragmentation tests with the same materials showed that the improvement in adhesion in 
normal and shear loading conditions was equally effective. 
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7 Strain localisation phenomena in 
transversely loaded composites 

7.1 Introduction 

The mechanical properties of transverse plies restrict the properties of composite structures. 
Improving the strength and failure strains of these plies can be achieved by better fibre-matrix 
adhesion and in the case of perfect adhesion an improvement of matrix properties, i.e. yield 
stress and failure strain. To obtain this, epoxy resins can be modified by varying the combi
nation of curing agents, resulting in an increase of the matrix failure strain from 5% to 70%. 
Using these materials in composites, the much more ductile matrix produced an increases 
in the transverse failure strain from 0.9% to 2.2% for carbon-fibre-reinforced composites 
(de Kok et al., 1993). Micromechanical models, based on periodic fibre packing, show that at 
very low macroscopic strain levels, plastic deformation initiates at the fibre-matrix interphase. 
With increasing macroscopic strain, the plastically deformed area remains small, leading to 
an extreme localisation of deformation, with the majority of the matrix undergoing hardly 
any deformation (Kies, 1962; de Kok et al., 1993). Assuming matrix dominated failure of the 
composite, good qualitative agreement between numerical and experimental results could be 
achieved. 

In the previous chapters, the experimental-numerical method was used to characterise 
material properties of interphases. In addition, the method can be used to study the deforma
tion behaviour of high fibre volume fraction composites, which can eventually be related to 
macroscopic composite properties. The deformations of two different composite materials, 
differing in matrix ductility were examined. An increase in the failure strain of the epoxy 
matrix resulted in a small increase in the macroscopic transverse failure strain of the corre
sponding glass-fibre-reinforced composites. The developed measurement technique was used 
to measure local strain distributions until macroscopic cracking occurred. The maximum lo
cal strains in the composites were accordingly related to the change in macroscopic failure 
strain. 

Although rnicromechanical simulations of simple representative volume elements are able 
to explain the low transverse failure strain of composite materials, they predict equal defor
mations near all fibres which is unlikely because of the inhomogeneous fibre distribution in 
an actual composite. In an actual composite, the deformations will be affected by the geo
metrical distribution of the fibres. To predict the macroscopic behaviour, numerical models 
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of representative volume elements containing a large number of fibres can give a better rep
resentation. Nakamura and Suresh (1993) described the effects of thermal residual stresses 
and mechanical loading on the transverse response of metal matrix-composites, by perform
ing numerical analyses of unit cells with randomly spaced fibres. A similar study has been 
performed by Srnit et al. ( 1997) who analysed the large-strain response of heterogeneous 
polymer systems. The inhomogeneous deformation behaviour of the composite systems used 
in this study was measured using mesoscale experiments in which the fibres were used as 
displacement markers. 

Accurate measurements of the local strains in the composite can only be obtained using 
the local measurements that were described in the previous chapters. Especially near the 
location of the eventual macroscopic crack in the composite, which will be initiated in the 
interphase with the highest ratio of local interface stress to interfacial normal strength, the 
maximum strain could be higher than in the other parts of a specimen. For comparison, a 
schematic strain distribution near the weakest spot in a uniaxial tensile test of a homogeneous 
material is shown in Figure 7.1, for two materials with different failure strains, attheir respec
tive maximum loads before failure. Plastic deformation occurs (c: ~ c:y) in a yielding zone 
surrounding the weakest spot, indicated by da and db with the highest strains in the centre. 
The more ductile material shows a larger region of plastic deformation, and higher strains in 
the yielding area. 

loc~l 
strain 

t c;b 
J 

~---------a 

da db - distance to eventual macroscopic crack 

Figure 7.1: Strain distribution in a homogeneous material at crack initiation for a ductile 
(b) and a brittle (a) material. 

Although transversely loaded composites exhibit strongly inhomogeneous deformations, a 
similar strain distribution is expected near the location of the eventual macroscopic crack 
if matrix-cracking is the failure mechanism. Using local displacement measurements and 
finite element simulations of the experiments, the maximum strain in an interphase before 
cracking can be determined. By registering the position of the marker grid with respect to 
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the location of the macroscopic crack after the experiment, the relation between maximum 
strain and distance to the crack can be determined. Comparing the deformation behaviour of 
composites with different matrix ductility, two phenomena are expected. Higher local strains 
in the region near the macroscopic crack and higher strain levels in this region for a more 
ductile matrix. 

The improvement of transverse properties by increasing the matrix ductility will be in
vestigated for glass-fibre-reinforced composites. In Section 7.2, the transverse deformation 
behaviour will be discussed using experiments where the strain distribution in the interior of a 
composite specimen was measured on the mesoscale, and studies of the stress concentrations 
at the free surface will be used to predict the locations of maximum deformation. Section 7.3 
describes the materials and measurements of the macroscopic properties of the specimens, 
after which in Section 7.4, local strain distribution measurements will be shown for two dif
ferent matrix materials. In Section 7 .5, the deformation mechanisms of the two materials will 
be compared and related to the macroscopic composite properties. 

7.2 Transverse deformation behaviour 

7.2.1 Deformations on the mesoscale 

Measurement of local deformation, using marker grids offers the possibility to study stresses 
and strains in the interphase region. At lower magnifications, the fibres can be used as markers 
to obtain insight in the deformation behaviour at a larger scale. Moreover, such measurements 
can provide information on the strain distribution in the interior of the composite, away from 
the free surfaces, since the in-plane displacements of the fibres measured at the surface equal 
those in the centre of the specimen. 

Figure 7.2: Overview of the location of fibres in a composite and the boundaries of the 
finite element model. 
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The locations of the fibres combined with their diameters in the reference situation, and their 
displacements at several load steps can be used to define the geometry and boundary condi
tions of the finite element model. The model is then used to calculate the strain distribution. 
In this section an experiment will be described, of which a 2D plane-strain model was made. 
Because of the larger scale combined with the measurement noise, the experimentally deter
mined displacements were not used as input for a 3D model. Accurate measurements of local 
strains in the interphases cannot be achieved using such experiments. 

Figure 7.2 shows a SEM-image of part of a specimen surface at a magnification of 452X. 
This magnification was used to measure the displacements of the fibres within and crossing 
the boundaries of the rectangle indicating the measurement area of 200 x 130 11m. For this 
purpose, an experiment was performed, in which the load was increased in small steps until 
macroscopic failure. At each load step images of the measurement area were stored, and 
the location of the fibre centres was determined from their centre of gravity, and from the 
reference image the diameters of the fibres were calculated from their cross-sectional areas. 

The positions and the diameter of the fibres in the measurement area were used as ge
ometric input for a plane-strain finite element simulation of this experiment. An interphase 
was not included in the model. The boundary conditions consisted of the displacements of all 
individual fibres, calculated from their centre of gravity, which were applied to all nodes in 
the fibre cross-section. At boundaries AD and BC (Figure 7 .2) the displacements in loading 
direction of nodes between fibres were tied to the displacements of the nearest fibres and for 
the nodes between the model corners and the upper and lower fibres, these displacements 
were set equal to those of the fibres. The fibres were modelled linear elastic and the matrix 
properties were modelled as non-linear elastoplastic, as was shown in Figure 6.16 with the 
yield stress and strain adjusted for this epoxy system. 

Figure 7.3: Equivalent strain distribution in the centre of the composite for a global strain 
of C:xx = 1.12% at a scale ofO% (white) to 4.2% (black). 



~,-, -~.---r~--------------------------

Strain localisation phenomena in transversely loaded composites 115 

Figure 7.3 shows a contour plot of the total equivalent strain distribution calculated with 
the measured fibre displacements as boundary conditions for the finite element model, at a 
load step with a maximum displacement of 2.24 JJm resulting in a global strain in loading 
direction of 1.12%. The black areas (c"q > c~q) denote regions of plastic deformation, and 
the maximum strain was approximately 13%. 

The strain distribution at the load step just before macroscopic cracking is shown in Figure 
7.4. With increasing macroscopic load, the areas of plastic deformation increased in size, and 
the maximum local strain at this load level was 17%. The plane-strain models shared the 
highest stress and strain concentrations in the fibre rich areas, while the strains in the matrix 
in the matrix rich regions were significantly less. 

Figure 7.4: Equivalent strain distribution in the centre of the composite just before macro
scopic cracking fora global strain oft:xx = 1.54% at a scale ofO% (white) to 
4.2% (black). 

Although the assumptions for the nodal displacements on boundaries AD and BC lead to in
accuracies, these calculations give a good indication of the deformation behaviour. However, 
for a more accurate evaluation, strains need to be measured on the fibre scale. 

7 .2.2 Locations of maximum deformation 

Deformation measurements at the fibre scale can be performed using marker grids. A disad
vantage of this method is that due to experimental limitations, strains can only be measured 
in the vicinity of one or two fibres in a specimen. It is therefore important to predict the loca
tions where the maximum strains can be measured and a debond crack may initiate at higher 
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load levels. Assuming that the interfacial normal strength is the same for all interphases in 
the composite, the locations where the sum of residual and mechanical stresses is maximum 
need to be known. For comparison, the equivalent strains due to thermal shrinkage in the 
large scale experiment were calculated by simulating a cool down from the glass transition 
temperature of the epoxy to room temperature. The contour plot is shown in Figure 7 .5. 

Figure 7.5: Equivalent strain distribution in the centre of the composite due to thermal 
shrinkage at a scale ofO% (white) to 4.2% (black). 

The thermal residual strains were maximum in the fibre rich regions, with a maximum 
compressive strain of cxx = -2.7%. At the transitions of fibre rich to matrix rich regions, 
the residual strains are smaller. Superimposing a mechanical load then will result in higher 
stresses at these locations, which has also been seen by Bradley et al. ( 1995), who reported 
debond initiation at these locations. Taking the effects near the free surface into account, 
the residual stresses at the surfaces in the matrix rich regions and for fibres located at the 
transition of fibre rich to matrix rich regions can be tensile, as was described in the previous 
chapter. 

In Chapter 4, it was shown that cracks initiate at the free surfaces due to elevated stresses. 
To analyse this effect in high fibre volume fraction composites, the maximum radial interface 
stress was calculated for two different fibre volume fractions, using a 3D finite element model 
assuming a square fibre packing. Figure 7.6 gives the normalised interface stress as a function 
of the normalised distance to the free surface. At the free surface, the stress concentration is 
higher for a system with a relatively low volume fraction of 12.5%. In the inner part of the 
composite, these stress are lower, which can be explained by the plane-strain situation at this 
location. Taking these results to actual specimens, they imply that the highest deformations 
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will occur in areas with the lowest fibre density. 
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Figure 7.6: Concentrations of maximum radial inteiface stresses near the free suifacefor 
two fibre volume fractions. 

When considering the total of thermal and mechanically induced stresses in the composite, 
the combination of low compressive or tensile residual stresses, and high stress magnifica
tions in interphases at the transition of fibre- to matrix rich regions are expected to yield the 
highest deformations. 

These results were used to select the position of the measurement area in the microscopic 
experiments. In most of the experiments, of which the results will be discussed in the fol
lowing sections, displacements were measured near a fibre at the transition of a fibre and a 
matrix rich region. 

7.3 Materials and experimental procedure 

Specimens were prepared with two different epoxy matrices (Section 3.5), differing in the 
curing agent mixture (DETDA/DEA). For the more ductile matrix, a weight ratio of 1116 
was selected. The mechanical properties of the matrices are summarised in Table 7 .1. As 
an indication of the composite properties, tensile tests on the miniature specimens were per
formed with a Minimat materials tester. The test were performed at room temperature, and 
a constant elongation rate of 0.1 mrnlmin. Because of the complex geometry of the speci
mens, produced during polishing, it was difficult to obtain equal gauge lengths and sections 
for all specimens. Therefore, only a qualitative comparison will be made based on the force 
displacement characteristics. Figure 7.7 shows typical measurement results for the 1/4 and 
1/16 composites. 
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Table 7.1: Mechanical properties of the epoxy matrix 

matrix properties 

DETDNDEA E O'y €y €j 

weight ratio [GPa] [MPa] [%] [%] 

114 2.8 75 4.6 28 

1116 2.7 70 4.6 62 

Although an accurate calculation of the stresses and strains in the specimens cannot be made, 
it is possible to compare the areas under the curves. This area is larger for the composite with 
the more ductile matrix, which is an indication of more dissipated energy caused by higher 
strains. Moreover, the 1116 composite shows a larger deviation from linear elastic behaviour. 
These results indicate that an increase in matrix ductility results in an increase in failure strain 
of the glass-fibre-reinforced composites. 
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Figure 7. 7: Macroscopic transverse force versus displacement relations of the specimens 
for different matrix ductility. 
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7 .3.1 Experimental procedure 

In an experiment, displacement fields of one or two marker grids were measured at increas
ing load levels with small load steps to obtain the displacement field just before macroscopic 
failure. At the higher load levels, the gauge sections of the specimens were inspected for the 
presence of microcracks or debonds. The results were used as input for three-dimensional 
models, in which an interphase with a thickness of I pm was assumed to be present. The 
mechanical properties of the interphase were taken equal to the average of the estimated 
properties, described in Chapter 5, with a nonlinear elastic-plastic constitutive behaviour. 
The Young's modulus was 2.5 GPa and the Poisson's ratio 0.37. Since the change in curing 
agent ratio has only a small influence on the modulus of the bulk matrix, the properties of the 
interphase were taken equal for both matrix systems. The mechanical properties of the ma
trices were modelled according to the values in Table 7.1. For each experiment, the distance 
of the marker grid to the eventual macroscopic crack was recorded after the experiment, and 
the maximum local strains were calculated with the models, to obtain the maximum strain as 
a function of distance to the crack. 

To compare the composite strain distributions for the different matrices, the results of 
the individual experiments were represented by the relations between maximum local strain 
and distance to the location of the macroscopic crack. This enables the comparison of the 
deformation behaviour of the composites to the strain distribution in a homogeneous material, 
described in the introduction (Figure 7.1). For the composite, it will be checked whether 
the highest local strains occur close to the macroscopic crack and in a larger region for the 
more ductile matrix, and if the strain levels decrease for increasing distance to the crack. 
Comparison of these results will point out if the higher matrix ductility indeed leads to higher 
local strains, as predicted by numerical studies. 

7.4 Experimental results 

In this section, the details of the local strain field measurements will be described. For each 
matrix material one experiment is analysed and attention is focused on the plastic deformation 
and the 3D stress-strain state near the free surface. The comparison between the materials 
will be discussed in the next section. Because of the larger strains, the boundary conditions 
for the models of the experiments were adjusted, as was described in the previous chapter. 

In each experiment, displacement fields were measured near a fibre located at the transi
tion of a fibre rich and matrix rich region, because the highest strains can be expected at these 
locations. For an experiment with the 1/4 matrix composite, Figure 7.8 gives an overview 
of the specimen surface in the vicinity of the marker grid, of which the position and size is 
indicated. 
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Figure 7.8: Overview of part of a specimen surface of a 1/4 composite, with the position 
and size of the marker grid indicated by the rectangle. 

Using this overview, the position of the maximum strains in the measurement area could be 
related to the strain distributions found in the larger scale experiments. The positions of the 
markers with respect to the fibre cross-section and the scaled displacements are shown in 
Figure 7.9. 
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Figure 7.9: Measured displacement fields, at macroscopic loads of (a) 110 N and 
(b) 180 N. 
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At both load levels, the displacements were mainly oriented in the loading direction, with 
maximum values of Ux,max = 0.45 pm, Uy,max = 0.13 pm at F=110N and Ux,max = 0.55 pm, 
uy,max = 0.11 pm at F=180N. Macroscopic cracking occurred at a load ofF=200 N. 

The measurement area covers the matrix rich region between two regions with very high 
fibre content. Relating this geometry to the strain distribution in the large scale experiment, a 
zone of larger deformations can be expected between the nearest fibres of both regions. The 
local strains, calculated with the numerical model are shown in Figure 7.1 0. 

0.0% 0.4% 0.8% 1.3% 1.7% 2.1% 2..5% 2.9% 3.4% 3.8% 4.2% 

Figure 7.10: Contour plots of the total equivalent strain distributions at load levels ofF 
= 110 N (top) and F = 180 N (bottom), at the free surface (left) and the 
interior of the specimen (right). 

The equivalent total strains were plotted at a scale of 0% to the matrix yield strain of 4.2%. 
The regions where yielding of the interphase and/or matrix occurs are black. The Figure 
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shows the strains at the free surface of the specimen and in the interior of the specimen, 
where a plane-strain state represents the deformations. At both load levels, yielding of part 
of the interphase has occurred at the surface, with maximum strains of 5.8% and 7 .2%. In the 
interior, maximum strains of 2. 7% and 4.2% did not result in plastic deformation. The plastic 
deformation in the interphase near the lower boundary of the model is probably caused by 
measurement noise in the boundary conditions. 

The local deformation behaviour near this fibre is strongly influenced by the elevated 
stress level near the free surface due to the low local fibre volume fraction. Plastic deforma
tion initiated in a narrow region in the interphase, at 45° with respect to the loading direction. 
At the higher load level, the yield zone has expanded in radial and tangential direction, how
ever it remains within the interphase, emphasising the importance of the characterisation of 
both elastic properties and strength of the interphase. The position of the yield zone with 
respect to the loading direction indicates that the stress state was influenced by the position 
of the nearest fibre in the adjacent fibre rich region. This was also found in the large scale ex
periment, where similar orientation of the zones of larger deformations between fibres were 
found. The free surface stress strain state at such locations in high fibre volume fraction 
composites is qualitatively the same as that in the single fibre model composites presented 
in the previous chapter. Results obtained with these model composites are representative for 
'real' composites. The interfacial normal strength, formulated as the maximum feasible ra
dial stress, while also the tangential stress was relatively large, can thus be used as a criterion 
for debond initiation in transversely loaded composites. 

Figures 7.11 and 7.12 show the overview and results of an experiment on a 1116 compos-
ite. 

Figure 7.11: Overview of part of a specimen surface of a 1116 composite, with the position 
and size of the marker grid indicated by the rectangle. 
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The marker grid was placed on an approximate quarter of a fibre at the border of a fibre rich 
region, with the nearest fibre that influences the stress state at a distance of 15 pm at an angle 
of 40° with the loading direction. In this experiment the marker grid was located in the path 
of the eventual macroscopic crack which occurred at a load of 210 N. 
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155 61 0.53 -0.42 

175 61 0.69 -0.56 

195 61 0.89 -0.60 

(d) 

Figure 7.12: Measured displacement fields, at macroscopic loads of(a) 155 N, (b) 175 N 
and (c) 195 N, and measurement characteristics (d)~ 

The corresponding total equivalent strains at the free surface and in the interior of the speci
men are shown in Figure 7.13. At a macroscopic load of 155 N, a small yielding zone can be 
observed in the interphase at the free surface, with a maximum strain of 5.5%. In the interior 
of the specimen, the deformations were still elastic, with a maximum strain of 4.2%. For 
the higher load levels, the strains increased to 9.8% and 13.9% at the surface, and yielding 
was also observed in the interior with maximum strains of 8.3% and 10.0%. The size of the 
yielding zones in the interior were smaller than at the surface. At the load level just before 
macroscopic cracking, the largest strains in the bulk matrix were oriented at an angle of 40° 
towards the nearest neighbouring fibre. 
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Figure 7.13: Contour plots of the total equivalent strain distributions at load levels ofF= 
155 N (top), F = 175 N (centre) and F = 195 N (bottom), at the free surface 
(left) and the interior of the specimen (right). 

Compared to the experiment with the 1/4 composite, the 3D effect near the free surface had 
less effect, resulting in a smaller difference between the maximum strains at the surface and 
in the interior. 
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7.5 Influence of matrix ductility 

To compare the strain distributions of the two composite materials, the relations between 
maximum measured strain and distance to the eventual macroscopic crack were determined. 
Based on the significantly higher failure strain of the more ductile matrix, which is used as a 
failure criterion in common micromechanical simulations (K.ies, 1962; de Kok et al. 1993), 
the average of the measured maximum strains was expected to be higher in the 1116 matrix 
composite and yielding of the interphase and matrix was expected to occur in a larger region 
surrounding the location of the eventual macroscopic crack. The measured relations between 
maximum strain and distance to the crack are shown in Figure 7 .14. 
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Figure 7.14: Strain distributions in a 114 (a) and 1116 (b) composite. Each point repre
sents one experiment. 

In both materials no correlation between the location of the crack and the strain distribution 
was found. Consequently, it seems that the maximum strain near an interphase in a trans
versely loaded composite is determined by local parameters such as the mechanical proper
ties of the interphase and the distribution of neighbouring fibres. The maximum measured 
strains were approximately 14% for both materials which is less than the failure strains of 
both matrix materials. These microscopic measurements showed that debonding will limit 
the macroscopic properties. As a result, the appropriate failure criterion is not the failure 
strain of the matrix, but the interfacial normal strength. 

The average maximum strain for the more ductile matrix system was slightly lower than 
in the more brittle matrix composite, which is in contradiction with the higher macroscopic 
failure strain of the ductile matrix system. Although accurate values for the interfacial nor
mal strength can only be found with experiments on single fibre composites, these measure
ments indicate that these values will be approximately equal for both materials. Initiation of 
debonding will occur at the same macroscopic stress level for both materials. Consequently, 
the increase in macroscopic failure strain has to be caused by other microphenomena. 

The initiation of debonding was studied in all experiments, by examining the gauge sec
tion of the specimen at each load step. Debonding will lead to a small crack in the Au-Pd 
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sputter coating which results in charging. Due to this effect, debonds show as white fibre 
edges in a SEM-image, making them easy to detect at lower magnifications. Figure 7.15 
shows overviews of part of the gauge section in the experiment with a 1/16 matrix composite, 
discussed in the previous section. 

Figure 7.15: Overview of part of a specimen surface of a 1116 composite at macroscopic 
loads ofF= 155 N (left), and F = 195 N (right). White fibre edges denote 
debonding cracks. 

The first debonds were observed at a macroscopic load ofF = 155 N. In Figure 7 .15a it can 
be seen that debonding initiates at fibres located at transitions of fibre to matrix rich regions. 
At the load level just before macroscopic cracking, the number of debonds and the size of the 
existing debonds have increased. Debonding occurred in the whole gauge section, indicating 
that relatively large strains occur over the length of the gauge section. 

These debonds were observed during all experiments with the more ductile matrix, whereas 
composites with the more brittle matrix did not show such behaviour. Hence, the difference 
in macroscopic failure strain can be explained by considering the failure mechanisms. In the 
composite with the brittle matrix, initiation of debonding results instantaneously in the for
mation of a macroscopic crack. In the more ductile matrix composites, initiation of multiple 
debonds and debond growth could be observed. Figure 7.16 shows a detail of the composite 
surface of Figure 7.15. After initiation, these cracks will first grow along the interface and 
at some load level, propagation into the interphase and matrix will occur until a macroscopic 
crack is formed. For this material, the ultimate properties are controlled by the resistance 
to microcrack propagation. An important material property in this process is the fracture 
toughness of the matrix. Measurements of the mode-l fracture toughness of the neat epoxy 
materials as a function of the curing agent weight ratio (Saalbrink, 1993) showed that for 
a higher percentage of two functional curing agent not only the failure strain increased, but 
also the strain energy release rate. For the weight ratios used in the composites, the average 
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G1c values were 258 Jjm 2 and 325J/m2, respectively. The composite with the 1/16 matrix 
requires more energy for crack propagation, and macroscopic cracking occurs at increased 
stress and strain levels after debonding initiated the first cracks. 

Figure 7.16: Detail of a specimen surface of a 1116 composite at macroscopic load ofF 
= 195 N. White fibre edges denote debonding cracks. 

From the local strain measurements, it was concluded that the interfacial strengths for both 
materials were similar, meaning that initiation of debonding will occur at equal macroscopic 
stress levels. Where for the brittle material immediately macroscopic cracking occurs, the 
more ductile matrix material will show stable crack growth, resulting in a higher macroscopic 
failure strain. 

7.6 Conclusions 

To study strain localisation phenomena and to give insight in the local deformation behaviour 
in transversely loaded composites, the measurement technique with corresponding finite el
ement modelling was used. The deformation behaviour on a larger scale was studied using 
the fibres as markers. A plane-strain finite element model of 200x 130 f.J-ffi, in which the 
measured fibre displacements were prescribed was used to examine the strain distribution in 
the interior of a specimen. Strain localisations were observed in fibre rich regions, which 
is in accordance with numerical simulations of periodic composites, predicting higher stress 
concentrations for higher fibre volume fractions. However, to obtain more accurate data con
cerning local strains, they have to be measured locally by conducting surface measurements. 

Near the free surfaces of a specimen, the strain distribution is determined by the elevated 
stresses. The stress concentration was shown to increase for decreasing fibre volume fraction. 
In a specimen, this means that this stress concentration is higher in matrix rich regions than in 
fibre rich regions. Considering this effect and the distribution of thermal residual stresses, it 
was concluded that the highest strains were expected near fibres at the transition from a fibre 
rich to a matrix rich region. 

These strain localisation phenomena were examined for two composite materials, differ
ing in matrix ductility. The more ductile matrix results in a higher macroscopic transverse 



128 Chapter7 

failure strain, which is normally attributed to the higher matrix failure strain, assuming matrix 
cracking to be the favourable failure mechanism. 

Local strain field measurements showed that the strains at the free surface were signif
icantly higher than in the interior of the specimen. In some cases, interphase and matrix 
yielding occurs near the surface while the deformations in the interior remain elastic. This 
results in crack initiation at the free surface, which can be observed during the experiments in 
the SEM. Regarding the maximum local strains as a function of the distance to the eventual 
macroscopic crack it can be concluded that there was no correlation. The maximum local 
strain is determined by the properties of the interphase and the distribution of neighbouring 
fibres, and was found to be 14% for both materials, which is significantly lower than the ma
trix failure strains. Obviously, failure does not initiate by matrix cracking upon reaching the 
matrix failure strain but by debonding. ~ 

It is expected that the difference in macroscopic composite properties is related to the dif
ference in crack propagation. Experiments with the more ductile matrix composite showed 
initiation and growth of debond cracks. In the more brittle material, macroscopic failure fol
lows instantaneously after the first debond crack initiates. Therefore, it was concluded that 
The increase in composite failure strain was caused by a higher resistance to crack propaga
tion of that matrix. 

The results in this chapter show that local strain field measurements can reveal important 
information about strain localisation and the failure process of different composite materi
als. Although numerical simulations can often explain changes in composite properties, they 
do not constitute proof of the assumed micromechanical behaviour. For this purpose, local 
measurements need to be performed. 



8 Conclusions and Recommendations 

The mechanical properties of transversely loaded unidirectional fibre-reinforced composites 
are strongly affected by the properties of the fibre/matrix interphase as well as the composite 
microstructure. Characterisation of such materials is difficult due to their inhomogeneity, i.e. 
the high stiffness ratio between the fibre and matrix and the inhomogeneous fibre distribution. 
The results presented in the literature mostly concentrate on testing the effect of different fibre 
sizings and surface treatments on macroscopic transverse properties, but a quantification of 
the interfacial normal strength has not yet been reported. 

The aim of this work was to develop a method that can be used to characterise microphe
nomena, including the constitutive behaviour of interphases and strain distributions in high 
fibre volume fraction composites, which is based on the measurement of deformations on 
the microscale. Experimental results are the input of numerical simulations that can be used 
for the identification of elastic properties of interphases in combination with an estimation 
algorithm, or the determination of local interfacial strains and stresses given the constitutive 
behaviour of the constituents. 

Despite the importance of the mechanical behaviour of interphases in transverse loading, 
most of the existing methods focus on longitudinal loading conditions, resulting in shear 
loading of the interphases. A number of test methods was developed, of which an overview 
was given. The pull-out test, microdebond test, fragmentation test and indentation test all 
result in a value for the interfacial shear strength often based on analytical solutions. None 
of these tests has been used to determine the elastic properties of the interphases. Recently, 
more accurate results could be obtained using field measurements. Laser Raman spectroscopy 
offers the possibility to measure deformations in crystalline fibres during loading of a com
posite, leading to better quantitative results, and a better insight in the microphenomena that 
influence the stress build up in the fibre in the vicinity of a fibre end or break. 

Transverse properties of composites are usually modelled assuming a homogeneous fibre 
distribution and equal interphase properties over the composite. However, in real compos
ites fibre and matrix rich regions and a distribution of interphase properties will determine 
the macroscopic mechanical behaviour. A quantitative characterisation can only be achieved 
by measuring these local properties. For this purpose a measurement technique has been 
developed to determine deformations in the vicinity of interphases during transverse tensile 
experiments inside the vacuum chamber of a SEM. Marker grids can be produced by using 
the electron beam of a SEM to concentrate an amount of pollution to one spot on the surface, 
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resulting in a black spot which is used as a displacement marker. Comparing the coordinates 
of markers in a grid in deformed and undeformed situation results in a displacement field, 
representing the deformation of the material. The main contribution to the measurement 
noise, which has an amplitude of 0.05 pm, originates from the scanning device of the SEM. 
To perform the experiments inside the vacuum chamber of the SEM, a miniature tensile stage 
was designed and built. 

An experimental-numerical method was used to determine the elastic properties of inter
phases. The experiments resulted in sets of measured marker displacements that were used as 
the geometrical input and boundary conditions for finite element simulations. Hence, geomet
rical assumptions such as square or hexagonal fibre packing were not needed. The model was 
used to calculate the displacements of the markers as a function of the interphase thickness 
and its mechanical properties. To give an accurate representation of the surface measure
ments, they had to be modelled in 3D. Near the free surface of a specimen, the interfacial 
stresses are elevated causing debond initiation at this location. 

The stiffness difference between fibre and matrix results in inhomogeneous deformation, 
with localised strains in the interphase region. As a result, the displacements of markers at a 
distance of the interphase will also be influenced by the properties of the interphases. This 
inhomogeneous stress state suffices for an accurate estimation of the interphase properties 
when no measurement noise is included which was shown by performing numerical experi
ments. Due to the relatively high stiffness of the fibres, displacements of markers within the 
fibre cross-sectional area and in the direct neighbourhood of the fibre, i.e. in the interphase 
are small. Consequently, in actual experiments the contribution of the measurement noise 
in these displacements is relatively high. Changes in experimental set-up, including the dis
tance between the markers, the size of the marker grid and the position of the marker grid 
with respect to the fibre cross-section, might therefore influence the accuracy of the results. 
Parameter estimations with simulated experiments showed that for a measurement noise with 
amplitudes of 5% and 10% of the maximum displacement component on both boundary con
ditions and observations, a significant difference between estimated and real values of the 
interphase properties can be found. However, for different simulated experimental set-ups 
the averages of ten estimated parameter sets with different noise realisations were close to 
the real values of this set consisting of the Young's modulus and Poisson's ratio of the in
terphase. The standard deviations of these averages increase for increasing amplitude of the 
measurement noise and for decreasing thickness of the interphase. 

The experimental-numerical method was used for the identification of interphase proper
ties by performing experiments with both model composites and high fibre volume fraction 
composites. Application of the method to glass-fibre-reinforced high fibre volume fraction 
composites showed that the local deformations are influenced by the local fibre distributions. 
Measured displacements were smaller than the measurement noise for markers located in the 
fibre cross-sections and increased with increasing distance to the fibre edge. For increasing 
macroscopic load levels increasing displacements were found. Based on the experimental re
sults of several experiments, it was concluded that the measurement technique can be used to 
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measure local deformations in transversely loaded composites. At each load level, ten SEM
images were stored, resulting in ten slightly different displacement fields with respect to the 
reference configuration. The displacement fields was used to estimate the Young's modulus 
of the interphase with constant mechanical properties over its thickness. Estimation of both 
the Young's modulus and the Poisson's ratio was less successful, although the results indi
cated that the Poisson's ratio of the interphase approximately equals that of the matrix. For 
interphase thicknesses of 1 and 0.5 Jim, average moduli of 2.5 GPa and 2.3 GPa were found 
respectively, for a matrix modulus of 2.8 GPa. Also for the experimentally measured dis
placement fields, the standard deviations of the average moduli of the individual experiments 
increase for decreasing thickness of the interphase. The estimation results were validated by 
examining the displacement residuals, which were shown to be smaller than the amplitude of 
the measurement noise, and the maximum strain in the interphase which was smaller than the 
yield strain confirming the correctness of the constitutive model. 

The interphase in this composite material is formed during the curing of the epoxy matrix 
at a temperature of 180 °C. The silane sizing on the fibres, applied to improve the chemical 
bond with the epoxy molecules partly dissolves in the matrix in the direct neighbourhood 
of the fibre surface (Thomason, 1995). Recent research performed at Sheffield University 
shows that a small amount of silane dissolved in epoxy results in a reduced Young's modulus. 
Although the exact amount of silane that dissolves in the epoxy during curing is difficult to 
measure, these results are in accordance with the estimated modulus of the interphase. 

The estimations showed a distribution in Young's moduli for different interphases, which 
can be caused by for example local variations in the amount of sizing present on the fibres, 
wetting conditions during filament winding or variations in the curing stoichiometry of the 
epoxy in the vicinity of the interphase. Because the stresses in the interphase are significantly 
higher near the free surface of the specimens, the composition of the interphase in the first 
few micrometers in fibre direction determines the estimated properties. The experimental
numerical method is sensitive to such local microscopic changes due to the combination of 
local deformation measurements and numerical modelling. Consequently, this method can be 
used to determine the influence of changes in the sizing and matrix materials, processing and 
environmental conditions if their effect on the mechanical properties exceeds these variations. 

The interfacial normal strength was measured using single fibre model composites. Because 
only one fibre is present in these specimens, debonding will initiate at this fibre. Due to the 
elevated stresses at the free surface debonding initiates at this location, which was shown 
in experiments performed with glass fibre specimens under an optical microscope with po
larised light in transmission mode. Observation of such specimens with the SEM in combi
nation with field measurements and numerical modelling can be used to study the interfacial 
stresses and strains during loading. The interfacial normal strength was defined as the maxi
mum interfacial radial stress just before debonding initiation. Comparison of these values for 
differently surface treated carbon fibre-epoxy composites shows an increase with increasing 
surface treatment when an interphase is not included in the numerical model. The adhesion 
between the glass fibre and epoxy was shown to be relatively poor, and can be compared to an 
untreated carbon fibre composite. The results show that the experimental-numerical method 
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can be used to measure the strength of adhesion in normal loading conditions. 
To obtain more accurate values of the interfacial normal strength the constitutive be

haviour of the interphase was included. Although in literature, the presence of an interphase 
region between carbon fibres and epoxy matrix has been discussed (Drzal, 1982; Jayaraman 
et al., 1993), thickness values have not been reported. In this thesis, an interphase thickness of 
0.4 pm and constant mechanical properties were assumed. The constitutive behaviour of the 
interphase then represents the average of local changes due to the presence of a fibre surface 
layer, absorbed material and curing stoichiometry of the matrix. Estimation of the parame
ters describing the constitutive behaviour showed that the Young's modulus of this interphase 
increased for increasing surface treatment. For the commercial treatment, no interphase was 
found to be present. The properties of the layer surrounding the fibre equal those of the bulk 
matrix. 

The estimated interphase properties were included in the numerical models to calculate 
the interfacial normal strengths of the different carbon fibres. The strength values were shown 
to increase with increasing surface treatment, with the largest increase from the untreated to 
the 10% treatment level. The slope of the INS versus surface treatment curve decreased at 
the higher treatment levels. Because in literature only data on the interfacial shear strength 
are reported, it is interesting to investigate the effect of surface treatment on adhesion for 
normal and shear loading conditions. Comparison of the increase of the inverse of the critical 
length obtained from single fibre fragmentation tests on the same fibres performed by Van 
den Heuvel et al. (1997) with the increase in interfacial normal strength shows a linear re
lation. It was therefore concluded that the relative improvement in adhesion in both normal 
and shear loading conditions is equal. 

In addition to characterisation of material properties, the method can also be used to study the 
deformation behaviour of transversely loaded composites, which can eventually be related to 
macroscopic properties. Strains in the interior of a specimen, where a plane-strain stress state 
describes the deformation behaviour, can be measured on a mesoscale using the fibres as 
displacement markers. The largest strains were observed in fibre rich regions due to higher 
stress concentration factors. However, the macroscopic behaviour of a transversely loaded 
composite is governed by the stress state at the free surface. Initiation of debonding is de
termined by the combination of residual thermal stresses and mechanically induced stresses, 
which at the surface is the highest at the transitions of fibre rich to matrix rich regions. 

To obtain more accurate data on the maximum local strains in a composite, local mea
surements have to be performed. Numerical modelling of such measurements reveals that at 
the free surface, the maximum strains are higher than in the interior. At the surface, yielding 
near an interface can occur while in the interior the deformations are still elastic. Debonding 
in a high fibre volume fraction composite initiates at the free surface, and depending on the 
resistance to crack growth of interphase and matrix, instantaneous macroscopic cracking or 
multiple debonding will occur. 

In combination with investigation of the gauge section of specimens, strain measurements 
can be used to explain the macroscopic properties. An increase in matrix ductility results in 
an increase in the composite failure strain, which without performing such measurements 
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was attributed to higher local strains. However, field measurements showed that the maxi
mum local strains were not higher. Multiple debonding occurred at the higher load levels in 
the composite with the more ductile matrix. Based on these results, it was concluded that for 
these materials not the higher matrix failure strain but the higher fracture toughness of the 
matrix resulted in an increased macroscopic failure strain of the composite. 

The results show that the experimental-numerical method can be used to characterise mi
crophenomena in both model and real composites. An advantage of the measurement tech
nique is that it can be used for various fibre-matrix combinations. In future research, the 
method can be used to evaluate the normal properties of interphases for more material com
binations and to test the influence of for example environmental changes on the strength of 
an interface. Attention should also be focused on the reproducibility of the experiments. The 
displacement measurements exhibit a relatively large amount of noise originating from the 
scanning of the marker grids with the SEM. Reduction of this noise by either further optimi
sation of the settings of the SEM or the use of a different microscope can lead to a reduction 
of the standard deviations corresponding to the average estimates of the properties of the 
interphases. 

The single fibre specimens can be used to measure the strength of the interface, and the 
spread in results gives some indication on the distribution of interface strengths over different 
filaments or along the length of a single filament. Before the interfacial normal strength of 
a fibre/matrix system is reached, yielding in the interphase dominates the deformation. For 
this reason, more accurate strength values can be obtained when the yielding behaviour is 
modelled more accurate. The strain softening behaviour, after reaching the yield stress needs 
to be incorporated in the constitutive equations. 

Especially for the carbon-fibre-reinforced composites, there is very little known about the 
thickness of the interphase. As was shown in this thesis, the estimated Young's modulus of 
the interphase depends on the thickness of the interphase in the numerical models. Using 
the experimental-numerical method, the modulus of the interphase can be determined as a 
function of its thickness. As was shown in Chapter 6, a linear relation seems to exist between 
the inverse Young's modulus and the corresponding inverse of the macroscopic modulus of a 
high fibre volume fraction composite. Consequently, given an accurate analytical or numer
ical model that can calculate the macroscopic transverse composite modulus as a function 
of the estimated interphase modulus with corresponding thickness, the interphase thickness 
could be fitted by matching the calculated and the experimentally measured macroscopic 
modulus. 

The goal of the characterisation of interphase properties is to eventually predict the macro
scopic properties of a composite material. Transverse composite properties are strongly in
fluenced by the constitutive properties of the interphase and the inhomogeneous distribution 
of the fibres, leading to different stress and strain concentrations near each fibre. Debonding 
will initiate at the location where the ratio of thermal and mechanical stresses versus strength 
is the highest. To obtain a better understanding, the combination of local strain field mea
surements and mesoscale experiments can be further explored. To predict ultimate composite 
properties, the fracture toughness of interfaces needs to be determined for the simulation of 
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crack growth. In most materials, cracks initiate at the fibre/interphase transition and for in
creasing load grow along the fibre into the interior of the specimen. For transparent matrices, 
the method introduced by Zhang et al. ( 1997) offers insight in the crack growth mechanisms. 
For other materials, new test methods need to be developed. The mechanical properties of 
the interphase can subsequently be incorporated in numerical models to simulate the macro
scopic properties. Because of the inhomogeneous fibre distribution, representative volume 
elements (RYE's) need to be defined in which more than one fibre is included. The transverse 
deformation behaviour is influenced by the presence of fibre- and matrix rich regions, which 
has to be reflected by the mechanical behaviour of such an RYE. These mesoscale RYE's in 
combination with the influence of free surface effects on the mechanical behaviour will lead 
to an interesting field of research. 



A Characterisation of interphase 
properties using single fibre model 
composites 

A.l Introduction 

The developed measurement technique can be used to measure deformations during trans
verse loading of 'real' high fibre volume fraction composites and single fibre model compos
ites. The combined experimental-numerical method can be used to determine the Young's 
modulus of interphases, however, validation of the results is difficult since no data have been 
reported in the literature. To validate the method, single fibre model composites with known 
interphase characteristics were used. Using a coating material with known mechanical prop
erties, a controlled interphase with known thickness can be produced. Subsequently, the 
method can be used to estimate these properties, assuming them to be unknown. 

Section A.l describes the details of the characterisation of the interphase modulus in 
surface treated carbon-fibre-reinforced composites. In Section A.2, preliminary results of the 
identification of the Young's modulus of interphases using (un)coated glass-fibre-reinforced 
composites are discussed. 

A.2 Single carbon-fibre-reinforced composites 

In this section, the properties of interphases between carbon fibres and bulk matrix will be 
estimated for different levels of oxidative surface treatment of the fibres. An interphase thick
ness of 0.4 J.tm was assumed. In all experiments, the spacing between the markers was 2 J.tm. 
The parameters in the estimation algorithm were set as described in Chapter 5. The smaller 
diameter of the carbon fibres and the smaller area occupied by the interphase region with 
respect to the measurement area are significantly different from those in the experiments with 
glass fibres. The details of the estimation of the interphase properties are described below. 

At the smaller load levels in the experiments 10 images were stored and for each dis
placement field the Young's modulus of the interphase was estimated. However, for most 
models convergence could not be achieved when all marker displacements were used in the 
measurement column m . To investigate the influence of the measurement noise on the con
vergence, the values of the objective function were examined for different combinations of 
markers in m. In most cases, the objective function showed a global minimum by excluding 
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those markers for which the difference between calculated and measured displacements was 
larger than the measurement noise. The estimation runs were then repeated with the reduced 
measurement column. Compared with the estimations in the previous chapter the influence of 
measurement noise has increased due to the relatively smaller volume of the interphase in the 
models. Figure A. I shows examples of estimation results of an untreated and a commercially 
treated fibre experiment for varying initial estimates. 
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Figure A.l: Estimation of the interphase Young's modulus for (a) an untreated and (b) a 
commercially treated carbon fibre for varying initial estimates. 

The estimates converge to stable values within 5 iterations. In some of the models, the noise 
on the boundary conditions was found to be too large. In these cases the size of the model was 
reduced. Figure A.2 shows the difference between measured and calculated displacements 
after convergence corresponding to the estimations in Figure A. I. 
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Figure A.2: Examples of residual displacement fields after convergence for an experiment 
with (a) an untreated, and (b) a /00% treated fibre; maximum length of the 
vectors: (a) 39.8 nm and (b) 27.9 nm 
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Table A.l: Estimated values and standard deviations of the Young's moduli of the inter
phases and the maximum local strains in the interphase for different surface 
treatments 

C-fibre E; stdv. eq 
£i,max 

[GPa] [GPa] [%] 

0% 1.77 0.49 3.0 
1.87 0.50 3.3 
1.52 0.35 3.8 
1.34 0.27 3.3 

10% 1.81 0.19 3.2 
1.92 0.17 3.6 
1.78 0.16 5.4 

50% 2.49 0.38 4.3 
2.56 0.43 2.5 
2.19 0.53 2.4 

100% 2.81 0.18 3.4 
2.83 0.45 3.0 
2.67 0.31 4.6 

Figure A.2b shows that for this experiment the original 7x7 marker grid was reduced to a 
5 x 7 marker grid. The residuals are randomly oriented and the maximum length of the vectors 
was in both experiments smaller than the amplitude of the measurement noise. To complete 
the validation of the estimations, the maximum total equivalent strains in the interphase were 
examined. For both experiments, these values were smaller than the yield strain. Based 
on these results, the parameter estimates can be interpreted as the Young's moduli of the 
interphase with a thickness of 0.4 J.lm. As was described in the previous chapter, a different 
thickness will result in different moduli, except for the example of Figure A. I b where the 
interphase modulus approximately equals the modulus of the matrix. The estimation results 
of all experiments with converging estimates are summarised in Table A. I. 

Although it was more difficult to achieve convergence in these estimation runs, the stan
dard deviations, which represent an average of 8 estimates, were smaller than for the estimates 
presented in Chapter 5. The estimations show increasing interphase moduli for increasing 
surface treatment. 
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A.3 Coated and uncoated glass-fibre-reinforced composites 

The coatings were applied to single glass fibres using a solution technique. Glass fibres were 
dipped in a solution of acetone and epoxy coating material, after which the acetone evapo
rated and an amount of epoxy remained on the fibre surface. This coating was cured before 
the coated fibres were used in single-fibre-model composites. The mechanical properties of 
the coating were varied by changing the mixture of epoxy resin and curing agents. A digli
cidyl ether of bisphenol-A type of epoxy resin (Ciba-Geigy, Araldite LY556) was used in 
combination with a mixture of two curing agents with different molecular weight (Texaco 
Jeffamine T-403 and ED-600). A coating system was obtained with a Young's modulus of 
1.4 GPa, which is 50% of the matrix modulus. The Poisson's ratio of coating and matrix were 
equal. Specimens with uncoated and coated fibres were used to measure deformations during 
loading in the SEM. In the finite element models, the coating is assumed to have a uniform 
thickness of 2 J.lm. The effective mechanical properties of the coating layer are determined 
by the properties of the interphase between the fibre and the coating, and the properties of the 
neat coating material. To compare uncoated and coated fibres, also for the uncoated fibres 
a layer of 2 J.lm was assumed around the fibre. For both situations, the Young's moduli of 
these layers were estimated with linear elastic constitutive models for fibre interphase and 
matrix. Figure A.1 shows an example of a polished cross-section of a coated glass fibre in a 
single-fibre specimen. 

Figure A.3: A coated glass fibre. The coating is best visible in the lower left part around 
the fibre. 
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Convergence of the estimations was achieved within four iteration steps for all measured 
displacement fields. Unfortunately, the measured displacement fields at the lower load levels 
in these experiments already resulted in relatively large plastic deformations in the vicinity 
of the fibre surface. Using linear elastic constitutive equations for all constituents then results 
in an estimated interphase modulus which is lower than the actual modulus. The estimation 
results were compared for equal maximum strains near the interface for the uncoated and the 
coated fibres. For maximum equivalent strains between 8% and 10% the uncoated fibres an 
average value of 0.51 GPa was found. Calculation of the secant modulus of the epoxy matrix 
during a uniaxial tensile test for an equivalent strain of 9%, yields a value of approximately 
0.6 GPa. Although the stress strain state near the interface does not equal that of a uniaxial 
tensile test, this value is close to the estimated value of the interphase. For the coated fibres 
an average Young's modulus of 0.20 GPa was estimated. This value for the Young's modulus 
of the interphase of coated fibres is approximately 40% of the value for the uncoated fibres, 
resulting in a qualitative description of the effect of the presence of a coating. The use of 
better constitutive relations for the materials and performing displacement measurements at 
lower load levels would clearly enhance these results. 
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Summary 

The mechanical properties of a composite material are determined by the properties of its 
constituents. Due to the strong inhomogeneity of these materials, i.e. the high stiffness ra
tio between fibres and matrix, and the inhomogeneous fibre distribution in a composite, the 
mechanical behaviour is strongly influenced by phenomena occurring at a scale of microns. 
For example, during transverse loading of unidirectional fibre-reinforced composites, local 
stress and strain concentrations around fibres determine the global macroscopic behaviour. 
Increasing the transverse load will lead to initiation of microcracks at the fibre/matrix inter
face, followed by the propagation of these cracks and macroscopic failure of the composite 
structure. To be able to describe these phenomena, constitutive relations for the mechanical 
properties of the constituents are needed. Of these properties, especially the properties of the 
interface or interphase are difficult to determine. In this thesis, the interphase is defined as a 
three-dimensional region between fibre and matrix. The border between fibre and interphase 
is referred to as the interface. 

A number of test methods have been developed in the past decades, often relying on single
or multi-fibre model composites. The stress state in the interphase or interface in such com
posites simulates the stress state in actual high fibre volume fraction composites to derive 
interphase properties and to study failure phenomena. An overview of the results, reported 
in the literature, is presented. Although the properties of interphases in transverse loading 
conditions are the most critical, these methods mostly determine the interface strength in lon
gitudinal loading conditions: the interfacial shear strength. The results of these methods were 
significantly improved by the measurement of field quantities during the experiments using 
laser Raman spectroscopy. Measurement of the strain distribution in the fibres directly leads 
to the interfacial shear stress distribution. This offers the possibility to measure the influence 
of yielding in the vicinity of the interphase and interfacial debonding on the stress transfer 
from the matrix to the fibre. However, even with the use of Raman spectroscopy these meth
ods have not resulted in a complete characterisation of interphases, for example represented 
by a constitutive relation describing their mechanical behaviour. 

A method was developed to characterise the properties of interphases in transverse loading 
conditions and to study the microphenomena that determine the mechanical behaviour of 
transversely loaded composites. This method is based on the measurement of field quantities. 
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Local deformations in the vicinity of an interphase in single fibre model composites or high 
fibre volume fraction composites were measured using marker grids with a typical size of 
20x 20 p.m on the surface of composite specimens. The markers were created using the 
electron beam of a Scanning Electron Microscope (SEM). When used at high magnifications, 
a SEM produces contamination on the surface of a specimen on top of the gold-palladium 
sputter coating. Placing the SEM in 'spot-mode' causes an amount of contamination to be 
concentrated at one spot on the surface of the specimen, resulting in a black spot. Repeating 
this procedure produces a marker field. Relative displacements between these markers were 
determined when the specimen was loaded in the SEM using a specially designed tensile 
stage. Directly digitised images of the marker positions in unloaded and loaded situation 
were used to calculate the displacements. 

Experiments on transversely loaded composites were coupled to numerical simulations in 
an experimental-numerical method to estimate the mechanical properties of the interphase. 
The advantage of these local deformation measurements is that the positions of the border 
markers of a marker grid in the undeformed situation can be used to define the geometry of 
the finite element model, and that the displacements of these markers can be used as boundary 
conditions. Hence, geometrical assumptions, such as square or hexagonal packing of fibres 
in the composite, were not needed. To define the finite element model, an assumption for 
the thickness of the interphase was made, based on data from the literature. Using a finite 
element model and an initial estimate of the interphasial properties, the displacements of the 
inner markers were calculated. 

By fitting the calculated displacements on the measured displacements in an iterative pro
cedure, the unknown properties were estimated. To obtain accurate calculations of the marker 
displacements, the numerical model has to give an accurate representation of the experiment. 
Because the marker displacements were measured at the free surface of a specimen, the stress 
state near this surface was analysed numerically. The radial and tangential interface stresses 
were shown to significantly increase towards the free surface. Consequently, transverse load
ing of a composite will lead to debond initiation at this surface, which was shown in an 
experiment with a single glass-fibre model composite under an optical microscope. Because 
of this three-dimensional stress state at a free surface, the experiments were modelled with 
three-dimensional finite element models. 

Marker grids, with different sizes and distances between the markers were placed on the 
surface of a specimen, covering part of a fibre cross-section, interphase and surrounding ma
trix. The stiffness difference between fibre and matrix results in inhomogeneous deformation 
with localised strains in the interphase region. As a result, the displacements of the markers in 
the vicinity of the interphase are influenced by the mechanical properties of the interphase, i.e. 
a change in for example the Young's modulus of the interphase will yield different marker 
displacements. The displacements of markers located within a fibre cross-section are very 
small and at increasing distance from the fibre edge, the marker displacements increase. In 
actual experiments, the contribution of the measurement noise in the marker displacements 
of the markers located in or close to the fibre was relatively large. The influence of the mea
surement noise, originating from the scanning device of the SEM, on the accuracy of the 
estimated interphase parameters was analysed numerically for varying experimental set-up 
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and interphase thickness. Without measurement noise, the estimation algorithm accurately 
estimated the Young's modulus of the interphase from a numerical experiment. Addition of 
noise to the boundary conditions and measured di~p!acements led to significant deviations 
of the estimations. However, the averages of ten estimations, corresponding to ten different 
noise realisations, was shown to be close to the real value, although the standard deviations 
corresponding to the averages was relatively large. For the actual experiments this implied 
that at each load level, the SEM-image needed to be stored ten times, with subsequent pa
rameter estimation for each of the ten displacement fields. 

The method was used to characterise the Young's modulus of the interphase in glass fibre 
reinforced composites with a high fibre volume fraction. The experimental results showed 
that the measurement technique can be used for local displacement measurements. The mea
sured displacements were smaller than the measurement noise for markers located within a 
fibre cross-section, and increased with distance to the fibre. The Young's modulus of the in
terphase was estimated for different experimental set-ups and interphase thicknesses of 1 Jlm 
and 0.5 Jlm. Averaging over the presented experiments, interphase moduli of 2.5 GPa and 2.3 
GPa were found respectively, for a matrix modulus of 2.8 GPa. For decreasing thickness of 
the interphase the standard deviations of the average estimates increased. Calculation of the 
maximum strain in the interphase revealed that the deformations corresponding to the load 
levels at which the moduli were estimated were elastic indicating the correctness of the used 
constitutive models. 

The interfacial normal strength (INS) was measured using single fibre model composites. Be
cause of the stress concentration at the free surface, the onset of debonding can be observed 
during experiments in the SEM. The experimental-numerical method was used to calculate 
the interfacial stresses at each load level given the measured displacements and the constitu
tive behaviour of fibre, interphase and matrix. The interfacial normal strength was defined as 
the maximum radial interface stress just before the initiation of debonding. The INS values 
were determined for carbon fibres with surface treatment levels varying from 0% to 100% of 
the commercial treatment level. To obtain accurate values, first the constitutive behaviour of 
the interphase was determined. For an interphase thickness of 0.4 Jlm, the elastic interphase 
behaviour was characterised at the small load levels of an experiment resulting in elastic de
formations. The yielding behaviour of the interphase was assumed to qualitatively equal that 
of the matrix with the yield stress adjusted to the estimated values. The Young's modulus of 
the interphase was shown to increase with increasing surface treatment, from 1.6 GPa for the 
untreated fibre to 2.8 GPa for the 100% treated fibre, for a matrix modulus of 2.8 GPa. Con
sequently, for the 100% treatment level, an interphase with mechanical properties different 
from fibre and matrix is not present. The interfacial normal strength increases at increasing 
surface treatment. The relatively largest increase was observed between the untreated and 
10% treated fibre, which can be attributed to the removal of the weak fibre surface layer by 
the surface treatment. 
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In addition to the characterisation of material properties, the method was used to characterise 
the microphenomena that determine the transverse macroscopic properties of a high fibre vol
ume fraction composite. The strain distribution on a mesoscale was measured using the fibres 
as displacement markers. More accurate measurements of the strain distribution for increas
ing load levels until macroscopic failure were obtained using the developed measurement 
technique. Strains were shown to be larger near the free surface of a specimen than in the 
interior. The microphenomena determining the macroscopic properties were examined for 
two epoxy systems with different ductility. The higher macroscopic composite failure strain 
of the composite with the more ductile matrix is usually attributed to higher local strains 
assuming matrix dominated fracture. However, the maximum strains were shown to be sig
nificantly lower than the matrix failure strain for both systems. The stress concentration at the 
surface causes debonding initiation at the surface. Depending on the mechanical properties 
of the interphase and matrix, instantaneous macroscopic cracking or stable crack growth in 
combination with multiple debonding will occur. The higher macroscopic composite failure 
strain of the composite with the more ductile matrix is caused by a higher resistance to crack 
propagation. Characterisation of these microphenomena can only be achieved by observation 
during experiments in or under a microscope. 



Samenvatting 

De mechanische eigenschappen van vezelversterkte kunststoffen worden bepaald door de 
eigenschappen van de samenstellende componenten: de vezel, matrix en de grenslaag tussen 
vezel en matrix. Het hoge verschil in stijtbeid tussen vezel en matrix resulteert in een sterke 
inhomogeniteit van deze materialen. Daardoor wordt bet globale mechanische gedrag in 
sterke mate bepaald door bet lokale gedrag op een schaal van micrometers. Tijdens transver
sale belasting van een unidirectioneel composiet lei den lokale spannings- en rekconcentraties 
tot initiatie van rnicroscheuren door bet verbreken van de hechting tussen vezel en matrix, 
gevolgd door scheurgroei en macroscopische breuk van bet composiet. Om bet gedrag van 
composieten te kunnen voorspellen zijn constitutieve relaties nodig, die bet gedrag van de 
afzonderlijke materialen beschrijven. Van de samenstellende onderdelen zijn de eigenschap
pen van de grenslaag tussen vezel en matrix moeilijk te bepalen. In dit proefschrift is de 
interfase gedefinieerd als de grenslaag tussen vezel en matrix, en wordt interface gebruikt als 
aanduiding voor bet grensvlak tussen vezel en interfase. 

Gedurende de afgelopen decennia is een aantal methodes ontwikkeld, welke vaak gebaseerd 
zijn op bet gebruik van modelcomposieten met een of enkele vezels. De spanningstoes
tand aan de interface of in de interfase is een benadering van de spanningstoestand in 'echte' 
composieten met een hoge volumefractie vezels ter bepaling van de mechanische eigenschap
pen van interfases of ter bestudering van bet breukgedrag. Een overzicht van de resultaten, 
beschreven in de literatuur, geeft een beeld van de stand van zaken. Hoewel de transversale 
eigenschapppen van interfases bet meest kritisch zijn voor macroscopische composieteigen
schappen, resulteren de bestaande methoden slechts in een karakterisering van de afschuif
sterkte van de interface. De nauwkeurigheid in de bepaling van deze materiaalparameter is 
recentelijk verbeterd door bet meten van veldinformatie tijdens de experimenten met behulp 
van laser Raman spectroscopie. Het meten van de rekverdeling in de vezels leidt tot de span
ningsverdeling aan de interface over de lengte van de vezels. Hierdoor werd bet mogelijk de 
invloed van matrixvloei en scheurgroei langs de interface op de spanningsoverdracht tussen 
vezel en matrix te meten. Maar ook met bet gebruik van laser Raman spectroscopie is een 
volledige karakterisering van bet constitutief gedrag van een interfase nog niet bereikt. 

In dit proefschrift wordt een methode beschreven, waarmee de mechanische eigenschappen 
van de interfase in transversale richting bepaald kunnen worden en waarmee micromecha-
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nische fenomenen, bepalend voor het macroscopische gedrag van composieten, bestudeerd 
kunnen worden. Deze methode is gebaseerd op het meten van veldinformatie. Lokale defor
maties in de omgeving van een interfase in modelcomposieten met een vezel en composieten 
met een hoge volumefractie vezels kunnen worden gemeten met behulp van marker grids 
met afmetingen van ongeveer 20x 20 pm. De markers worden aangebracht met behulp van 
de electronen bundel van een Scanning Electronen Microscoop (SEM). Scannen van een 
gedeelte van een proefstuk bij hoge vergroting leidt tot vervuiling op het gescande opper
vlak. Gebruik van de SEM in 'spot-mode' leidt tot een concentratie van vervuiling in een 
gebied ter grootte van de diameter van de bundel. Herhaling van deze procedure leidt tot een 
grid van markers. Relatieve verplaatsingen van deze markers werden gemeten door met een 
speciaal ontworpen miniatuur trekbankje trekproeven uit te voeren in de SEM, tijdens welke 
de marker grids werden opgeslagen in gedigitaliseerde beelden. De marker verplaatsingen 
werden berekend door vergelijking van de positities in ongedeformeerde en gedeformeerde 
situatie. 

ExperimenteD en numerieke simulaties zijn gekoppeld in een experimenteel-numerieke 
methode, waarmee de mechanische eigenschappen van interfases geschat kunnen worden. 
Een voordeel van de lokale verplaatsingsmetingen is dat de coordinaten van de randmarkers 
van een grid in de ongedeformeerde toestand gebruikt kunnen worden om de geometrie van 
het eindige elementen model vast te leggen. De verplaatsingen van deze markers definieren 
vervolgens de randvoorwaarden. Aannames betreffende de vezelverdeling in het composiet. 
zoals hexagonale of vierkante pakking, zijn daardoor niet nodig. In het numerieke model is 
tevens een aanname gemaakt voor de dikte van de interfase, welke gebaseerd is op data uit 
de Iiteratuur. Met het eindige elementen model en een beginschatting voor de eigenschap
pen van de interfase worden de verplaatsingen van de overige markers uitgerekend. Door de 
berekende op de gemeten verplaatsingen te fitten met een iteratief algoritme zijn de eigen
schappen van de interfase geschat. Voorwaarde voor een nauwkeurig numeriek model van het 
experiment is dat de spanningstoestand in het model een nauwkeurige representatie geeft van 
de spanningstoestand aan het oppervlak van het composiet. Hiertoe is een numerieke studie 
uitgevoerd, waaruit is gebleken dat de spanningen aan de interface toenemen bij het vrije op
pervlak. Daardoor zal scheurinitiatie aan het oppervlak zal plaatsvinden. Dit is aangetoond 
met experimenten aan modelcomposieten onder een lichtmicroscoop. Vanwege de driedi
mensionale spanningstoestand aan het oppervlak zijn de experimenteD met driedimensionale 
eindige elementen modellen gesimuleerd. 

Marker grids met verschillende afmetingen en afstanden tussen de markers zijn op het 
oppervlak van de proefstukken geplaatst resulterend in verschillende testconfiguraties. Met 
behulp van numerieke experimenten is de invloed van testconfiguratie en meetruis, die voor
namelijk veroorzaakt werd door onnauwkeurigheden in de scanner van de SEM, op de schat
tingsresultaten gesimuleerd. Het stijfheidsverschil tussen vezel en matrix leidt tot inhomo
gene deformaties met reklokalisaties in de interfase. Daardoor worden de verplaatsingen van 
de markers in de omgeving van de interfase bepaald door de eigenschappen van de interfase. 
Een verandering van de elasticiteitsmodulus van de interfase resulteert in een verandering 
van de markerverplaatsingen. De verplaatsingen van de markers in de dwarsdoorsnede van 
de vezel waren relatief klein en namen toe voor een grotere afstand tot de vezelrand. Dit 
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betekent dat in echte experimenten de bijdrage van de meetruis relatief groot was voor de 
markers in of dicht bij de vezel. Zonder meetruis kunnen de elastische eigenschappen van 
de interfase nauwkeurig geschat worden, zoals is aangetoond met numerieke experimenten. 
Toevoegen van meetruis aan de marker verplaatsingen en de randvoorwaarden, resulteerde in 
afwijkingen in de geschatte waarden. Echter, de gemiddelde waarden van tien schattingen 
voor tien verschillende ruisrealisaties, benaderden de gesimuleerde eigenschappen van de in
terfase terwijl de corresponderende standaarddeviaties relatief groot waren. Voor de echte 
experimenten betekende dit dat na elke belastingsstap bet beeld tien keer gedigitaliseerd 
moet worden, met daarop volgend een schatting van de parameters voor de tien verplaats
ingsvelden. 

De ontwikkelde methode is toegepast voor bet identificeren van de elastische eigenschap
pen van de interfase in een glasvezel-versterkt epoxy composiet met een hoge volumefractie 
vezels. De experimentele resultaten Iaten zien dat de meettechniek gebruikt kan worden 
voor bet meten van lokale verplaatsingen. De elasticiteitsmodulus van de interfase tussen 
glasvezel en epoxy matrix is geschat voor interfase-diktes van 1 Jlm en 0.5 Jlm. Gemidddeld 
over de verschillende experimenten bedragen de elastciteitsmoduli respectievelijk 2.5 GPa en 
2.3 GPa, voor een matrix modulus van 2.8 GPa. De standaardafwijkingen van de gemiddelde 
moduli zijn groter voor de kleinere interfase-dikte. Berekening van de maximale rek in de 
interfase toont aan dat de gebruikte constitutieve modellen voor vezel, interfase en matrix 
correct zijn. 

De normale sterkte van een interfase kan gemeten worden met behulp van modelcomposieten. 
Doordat er slechts een vezel in bet proefstuk aanwezig is zal scheurinitiatie bij die vezel 
plaatsvinden. De hogere spanningen aan bet vrije oppervlak maken bet mogelijk om bet mo
ment van scheurinitiatie vast te leggen tijdens experimenten in de SEM. De experimenteel
numerieke methode is gebruikt om de spanningen aan de interface uit te rekenen voor de 
verschillende belastingsstappen in een experiment, gegeven de gemeten verplaatsingen en 
bet constitutief gedrag van vezel, interfase en matrix. De normale sterkte van een interfase 
is gedefinieerd als de maximale radiale spanning aan de interface vlak voor bet moment van 
scheurinitiatie. Deze waarden zijn bepaald voor een koolstof-vezel-epoxy composiet, met 
koolstof vezels met een oppervlakte behandeling van 0% tot 100% van de commerciele be
handeling. Om de sterkte nauwkeurig te kunnen berekenen is eerst bet constitutief gedrag van 
de interfase gekarakteriseerd. De elasticiteitsmodulus is geschat bij lage belastingsstappen re
sulterend in elastische deformaties, voor een interfase dikte van 0.4 Jlm. De vloeispanning 
van de interfase is gekoppeld aan de elasticiteitsmodulus en bet vloeigedrag is kwalitatief 
gelijk aan de matrix verondersteld. De geschatte modulus van de interfase neemt toe voor 
toenemende oppervlaktebehandeling van de koolstofvezel. Voor een oppervlaktebehandeling 
van 100% is een modulus gevonden van 2.8 GPa, gelijk aan de modulus van de matrix. Dit 
betekent dat voor deze vezel-matrix combinatie er geen merkbare invloed van een interfase 
waargenomen is. De normale sterkte van de interfase neemt eveneens toe voor toenemende 
behandeling. De relatief grootste toename is gevonden tussen een onbehandelde en een 10% 
behandelde vezel. Dit wordt waarschijnlijk veroorzaakt door bet verwijderen van een zwakke 
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vezel-oppervlaktelaag tijdens de oppervlaktebebandeling. 

Naast bet karakteriseren van materiaaleigenscbappen is de methode gebruikt voor bet bestud
eren van rnicromecbaniscbe fenomenen die van invloed zijn op de macroscopiscbe eigen
scbappen van een composiet met een boge volumefractie vezels. De rekdistributie in een 
composiet op mesoniveau is gemeten door de vezels als markers te gebruiken. Nauwkeurige 
metingen van reklokalisaties rond vezels voordat macroscopiscbe breuk optreedt kunnen 
bereikt worden met de ontwikkelde meettecbniek. Deze metingen, in combinatie met nu
merieke modellen, tonen aan dat de rekken aan bet vrije oppervlak boger zijn dan in bet 
proefstuk. De micromecbaniscbe fenomenen zijn bestudeerd voor twee composiet materialen 
met verscbillende matrix-ductiliteit. Een bogere matrix-ductiliteit resulteert in een bogere 
macroscopiscbe breukrek van een transversaal belast composiet. Dit wordt meestal verklaard 
door een bogere lokale rek rond de vezels, waarbij matrix gedornineerde scbeurinitiatie wordt 
aangenomen. Meten van de lokale rekken voor beide composieten resulteerde in gelijke max
imale lokale rekken, die bovendien kleiner zijn dan de breukrek van de matrix-systemen. 
Afhankelijk van de mecbaniscbe eigenscbappen van interfase en matrix treedt instantaan 
macroscopiscbe breuk op of stabiele scbeurgroei in combinatie met meervoudige scbeuriniti
atie. De bogere breukrek van bet composiet met de ductielere matrix wordt veroorzaakt door 
de bogere weerstand tegen scbeurgroei. Een karakterisering van deze rnicromecbaniscbe 
fenomenen kan alleen bereikt worden door een combinatie van lokale metingen en observatie 
van scbeurvorrning tijdens experimenten in een rnicroscoop. 
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behorende bij het proefschrift 

Characterisation of Microphenomena in 
Transversely Loaded Composite Materials 

1. Voor de karakterisering van de mechanische eigenschappen van de interfase tussen 
vezels en matrix in composieten is een experimentele verificatie met behulp van lokale 
veldmetingen een vereiste. 

• Dit proefschrift. 

• Young, R. J., Huang, Y.-L., Gu, X. and Day, R. J. (1995) 'Analysis of 
composite test methods using Raman spectroscopy', Plastics, Rubber and 
Composites Processing and Applications, 23, pp. 11-19. 

2. Hoewel de invloed van de elastische eigenschappen van de interfase op de span
ningsoverdracht tussen vezel en matrix in fragmentatietesten zowel experimenteel als 
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3. De veronderstelling, gemaakt door van den Heuvel, dat de mechanische eigenschappen 
van de interfase, tussen een koolstofvezel met commerciele oppervlaktebehandeling 
en een epoxy-matrix, weinig afwijken van die van de epoxy-matrix, is correct. 

• van den Heuvel, P. W. J. (1998) 'An Experimental and Numerical Investiga
tion into Failure Phenomena in Multi-Fibre Microcomposites' Ph.D. Thesis, 
Eindhoven University of Technology. 

• Dit proefschrift, Hoofdstuk 6. 

4. De relatieve verbetering in normale sterkte en afschuifsterkte van de interfase in 
met koolstofvezels versterkte epoxy-composieten, ten gevolge van een oxidatieve 
oppervlaktebehandeling, is gelijk voor beide belastingssituaties. 

• Dit proefschrift, Hoofdstuk 6. 



5. De in de literatuur onderkende dominante invloed van de transversale mechanische 
eigenschappen op de macroscopische eigenschappen van composietconstructies staat 
in contrast met het gebrek aan dominantie in micromechanische karakteriseringsmeth
oden. 

• Composites Part A, (1996), 27A, pp. 677-912. 

6. Gezien de tijdindeling van het in dit proefschrift beschreven onderzoek zouden een of 
meerdere hoofstukken over polijsten niet hebben misstaan. 

7. Het verschil tussen transversale driepuntsbuigproeven en uniaxiale trekproeven aan 
proefstukken van goede kwaliteit is equivalent aan het verschil tussen een represen
tatief volume element (RVE) op microniveau (een vezel) en een RVE op mesoniveau 
(meerdere vezels). 

• de Kok, J. M. M. (1995) 'Deformation, Yield and Fracture of Unidirectional 
Composites in Transverse Loading' Ph.D. Thesis, Eindhoven University of 
Technology. 

• Smit, R. J. M., Brekelmans, W. A.M. en Meijer, H. E. H. (1997) 'Prediction 
of the large-strain response of heterogeneous polymer systems. Part 1: 
Local and global deformation behaviour of a representative volume element 
of voided polycarbonate' submitted to J. Mech. Phys. Solids. 

8. De meest efficiente manier van carpool en is liften. 

9. Gedurende de contractperiode van een AIO stijgt het salaris en daalt de eigenwijsheid. 

10. Het is niet koud hoven. 
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