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A numerical analysis, using the Boundary Element Method, of the stress state within the specimen in the
single fibre fragmentation test is presented first. Thermal residual stresses and fibre-matrix interfacial
friction along the debonding crack faces have been considered in the study. Special attention has been
paid to the axial stresses along the fibre and the interfacial tractions and relative displacements in the
neighbourhood closest to the debonding crack tips. In order to analyse the debond propagation, the asso-
ciated Energy Release Rate has been evaluated from the near-tip elastic solution. Numerical results show
that both the effects of thermal residual stresses and of fibre-matrix interfacial friction are opposed to the
debond propagation. Additionally, the effect of the debond propagation on the load transfer through the
interface has been studied, showing that fibre-matrix interfacial friction has a weak influence on the dis-
tance needed to re-establish the nominal axial load within the fragment.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Since it was first introduced by Kelly and Tyson [1], single fibre
fragmentation test (SFFT) has been extensively used for fibre-ma-
trix interface characterization in Fibre Reinforced Composites. In
this paper, a sample made of E-glass fibre and epoxy matrix is con-
sidered. SFFT specimens consist of a long fibre embedded in a large
block of resin matrix, subjected to tensile load in the fibre direc-
tion, applied as a uniform strain at the ends of the specimen. Since
strain to failure in the fibre is much lower than in the matrix, after
reaching a certain load, successive fragmentation of the fibre is ob-
served. Once the fragmentation process, which reflects the statisti-
cal fibre strength distribution, starts, tensile load is transferred to
the fibre fragments through shear stresses at the fibre-matrix
interface, thus allowing for the appearance of new fragments.

If the failure properties of the interface are high, fragmentation
continues until a critical fragment length (saturation length) is
reached. At this situation, the fragments are not long enough to re-
ceive through the interface an axial load sufficient to cause subse-
quent fibre breakages.

In most cases the above described saturation length is not
reached during the test. Instead, series of cracks appear which arise
from the ends of fibre fragments and grow through the matrix or
the interface (see, for example [2]). The appearance of these cracks
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implies further relaxation of the axial stress in the fibre, which pre-
vents the appearance of new fragments.

The earlier results obtained from the SFFT correspond to inter-
face strength measurements. These were carried out following the
shear lag stress distribution model proposed by Cox [3], with dif-
ferent assumptions regarding the shear stress distribution along
the interface, the thermal residual stresses or the statistical distri-
bution of fragment lengths [4-9]. Therefore, the interface strength
values obtained using the SFFT are strongly related to the assump-
tions made, and not easily applicable to situations in which the
interface is subjected to a different stress state.

In the cases in which the matrices show low yielding, the elastic
solution at the interface contains shear singular stresses in the
vicinity of the crack tips, and the use of a strength criterion is ques-
tionable. For this reason, a fracture mechanics approach is consid-
ered more appropriate for the characterization of the interface
failure in presence of singular stress states (see, for example, the
works of Nairn [10], Varna et al. [11], Nairn and Liu [12] and Wu
et al. [13-16]). The approach followed in the present work, based
on energetic principles, considers that crack propagation would
take place when the total energy released per unit length during
the propagation (i.e., the Energy Release Rate) equals the work
needed to create the new unit crack surfaces. As the propagation
takes place under pure mode II, failure of the interface is character-
ized by the interfacial mode II fracture toughness (usually denoted
as Gy). In this work, the Energy Release Rate is evaluated from
the elastic solution in the vicinity of the crack tip.

The main objective of the present study is to obtain an accurate
solution of the displacement and stresses within the specimen in


http://dx.doi.org/10.1016/j.compscitech.2009.07.006
mailto:graciani@esi.us.es
mailto:mantic@esi.us.es
mailto:paris@esi.us.es
mailto:janis.varna@ltu.se
http://www.sciencedirect.com/science/journal/02663538
http://www.elsevier.com/locate/compscitech

E. Graciani et al. / Composites Science and Technology 69 (2009) 2514-2520 2515

the SFFT. To this end, a specific numerical tool based on the Bound-
ary Element Method has been developed and employed for the
numerical simulation of the problem. This numerical solution
may help in the understanding of the mechanism of fibre-matrix
interfacial debond propagation and may serve as a validation tool
for developers of simpler and easier to apply analytical models.
To this end, the effect of thermal residual stresses, fibre-matrix
interfacial friction and geometrical parameters on debond propa-
gation is discussed.

2. Numerical model

Numerical analysis has been carried out by the collocation
Boundary Element Method (BEM) for elastic contact problems with
axial symmetry (see Graciani et al. [17] for a description of the
numerical tool developed). This approach has been chosen for
the numerical analysis of the SFFT since it offers clear advantages
if compared with other alternative numerical methods (for exam-
ple, the Finite Element Method).

Firstly, taking into account the axial symmetry with respect to
the fibre axis, only a 1D mesh is needed for the analysis of the
2D axi-symmetric problem with BEM. As a consequence, to carry
out a strong refinement of the mesh in the vicinity of the crack tips,
where singular solutions are expected, is a very easy task. Sec-
ondly, since the debonding crack grows along the fibre-matrix
interface, the displacements and tractions needed for the study
of debond propagation are the actual primary unknowns in the
nodes of the BEM mesh. Finally, non-conforming meshes have been
employed in the interfaces, which results in an important reduc-
tion in the number of elements needed for the numerical analysis.

Isotropic linear elastic material behaviour, repetitive solutions
in the vicinity of all fragment ends and local symmetry with re-
spect to the fibre crack have been assumed in order to simplify
the BEM model. Thus, the geometry and boundary conditions em-
ployed for the analysis are those shown in Fig. 1a. Material proper-
ties, corresponding to typical E-glass fibre and epoxy matrix, are
listed in Table 1. The fragment semi-length Ly and the debonded
length a have been parametrically varied in the ranges:
50 < Ly (um) < 500 and 0.1 < a (um) < 50. The outer radius of
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Fig. 1. (a) Sketch of BEM model and boundary conditions. (b) Detail of BEM mesh.

Table 1
Material properties, with i = f, m.

Fibre Matrix
Young modulus (E;) 70,000 MPa 3500 MPa
Poisson ratio (v;) 0.2 0.3
Thermal expansion coefficient (o;) 7 x107°6K™! 50 x 107 °K™!
Outer radius (r;) 5 pum 1000 pm

the resin cylinder has been taken as rs = 1000 um. A detail of the
BEM mesh employed in the vicinity of the crack tip is shown in
Fig. 1b, for the case with a = 10 pum.

To take into account the effect of thermal residual stresses, a
constant decrease in temperature AT = —80 K has been introduced
before the application of the mechanical load. Frictional contact
conditions between crack faces have been imposed using Cou-
lomb’s law, with a friction coefficient x = 0.3. Since few data and
great dispersion exist in the literature about the experimental
measurements of glass/epoxy interfacial friction coefficient (i.e.,
Chua and Piggott [18] report values in a range of 0.07 < i < 0.76,
depending on the surface treatment), only one typical value of
the friction coefficient has been employed for brevity. The influ-
ence of parametrically varying the friction coefficient will be ad-
dressed in a forthcoming work. For the sake of comparison,
results neglecting fibre-matrix interfacial friction and thermal
residual stresses have also been obtained.

The inclusion of fibre-matrix interfacial friction makes the
problem become non-linear. However, as a result of the different
material properties, the tendency for radial shrinkage, induced by
the effect of cooling and by the Poisson’s effect while loading in ax-
ial tension, is higher in the matrix than in the fibre. As a conse-
quence BEM results show that the debonding cracks are always
closed, compressed and sliding in their whole length.

As a consequence, in the frictionless case, the specimen will
reach a stress-free state if the mechanical and thermal loads are re-
moved once the debond crack has reached a certain length. In this
state, the geometry of the specimen is identical to the initial state,
the only difference being that the fibre is broken and the interface
is partially debonded. Therefore, the elastic state corresponding to
a certain debonded length can be linearly obtained applying
mechanical and thermal loads to a model in which, initially, the fi-
bre is broken and the interface is debonded.

This procedure is, strictly speaking, not valid in the frictional
case. Friction is opposed to the relative sliding of debond crack
faces both in the loading and the unloading of the specimen. There-
fore, the specimen would retain some stresses once the mechanical
and thermal loads have been removed, since some energy is dissi-
pated by frictional slip. However, it can be reasonably assumed
that energy dissipated by friction is negligible in comparison with
the energy needed to cause debond propagation. Thus, in the fric-
tional case, the linear solution of the problem, neglecting the effect
of load history in the elastic state, can be considered a satisfactory
approximation of the actual solution.

Thus, the solution for a certain average mechanical strain ¢ ap-
plied at specimen ends can be obtained by linear superposition of
the solutions of two basic cases: one including the constant de-
crease in temperature AT = —80 K and the corresponding average
axial thermal shrinkage of the specimen €51, and another including
a zero decrease in temperature and a unit average mechanically
applied strain. That is:

u(r,z) = W, 2)ar__g0 Koexy + EW(TZ) AT 05195
6(1,2) = 6(I,2)Ar__g0 K p—syy T 60T, Z2)aT_06-19%)

where as the specimen contains one single fibre, ear~ o, AT. For
the actual properties employed, shown in Table 1, an average axial
thermal shrinkage e,y = —0.3998% of the specimen is obtained.
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