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Abstract

The instability behaviour associated to a crack onset amghagation along the fibre-matrix in-
terface in a composite system under remote transverse leatisdied by a means of the linear
elastic - (perfectly) brittle interface model (LEBIM). LEBhas proved to model adequately the
behaviour of this interface represented by a continuousilligion of springs which simulates
the presence of a thin elastic layer. The failure mechanisthe case of an isolated fibre under
transverse tension (plane strain problem), i.e. the onedtgrowth of the fibre-matrix interface
crack, is studied. The numerical results provided by a 2Drlolany element analysis show that
a fibre-matrix interface failure initiates by onset of a fexdebond in the neighbourhood of an
interface point where the failure criterion is reached figghder increasing proportional load),
this debond further propagates along the interface in mixexe or even, in some configura-
tions, with the crack tip under compression.

1. Introduction

Several previous works by the authors and coworkers [1,sL8ly experimentally, numerically

and semi-analytically the interfibre failure of a unidiienal composite lamina under biaxial

transverse loads. Numerical models of a single fibore emlmedda large matrix, based on

Boundary Element Method (BEM) and interfacial fracture heatcs, are presentedin [1, 4, 5].
BEM and Linear Elastic-Brittle Interface Model (LEBIM) atesed to study and characterize
the behavior of the fibre-matrix interface in [3, 6, 7].

The aim of the present work is to study in detail the instapiisues that appear in the single
fibre problem. An extensive review of the literature abow finoblem of an elastic circular
inclusion embedded in an elastic matrix with or without atipadebond can be found in [7].
Details of the LEBIM implementation in a BEM code are alsogerged therein. Some funda-
mental results regarding the computation of the Energyd®el®ate (ERR) in the LEBIM can
be found in [8].

The present paper is organized as follows. First the LEBIEdus briefly described. Then,
a plane strain problem of a circular inclusion, represenéinong fibre under a remote biaxial
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transversal loading, is introduced. BEM is applied to theartical solution of the fibre-matrix
interface crack onset and growth in this problem. Finallgiistussion of the instabilities pro-
duced in the problem is presented.

2. LEBIM

As shown in [3, 6, 7], the LEBIM can be used in microscale medelsimulate the damage
initiation and propagation at the fibre-matrix interfaceheTLEBI constitutive law and the
interface failure criterion were developed in [3, 6, 7, 9]helcontinuous spring distribution
that models the elastic layer (interphase) along the fiba&iminterface is governed by the
following simple linear elastic - (perfectly) brittle lawritten at an interface point

Linear Elastic { o (X) = Kndn(X)

interface 7(X) = ki (X) t(x) < te(¥r (X))
1)
/0 on(X) >0
_Broken { o(X) = < Kdu(X) 6.(%) < O
interface
7(X) =0

whereo(X) and(x) are, respectively, the normal and tangential componentseotractions
along the interface in the elastic layér(x) and6,(x) are, respectively, the normal and tan-
gential relative displacements between opposite interfamints. k, and k; denote the nor-
mal and tangential dthesses of the spring distribution. The traction modulissdefined as

t(X) = Vo2(X) + 73(X).

It should be noticed that the critical traction moduly® (X)) is a function of a fracture mode
mixity angle,y,., at an interface point. This angle is defined by tan,.(x) = 7(x)/o(X). This
fact leads to, in general, fiierent values of the critical traction modulus affelient interface
points. Although the criterion is written in terms of tramis, t(X) < t:.(¥.,(X)), it is actually
based on an energetic criterion. An extensive explanafitimeodeduction of the model can be
foundin|3, 6, 7, 9].

3. Problem of a circular inclusion under transver se loads

The plane strain problem of a circular inclusion of radius 0 embedded in an infinite ma-
trix, initially without any debond along its interface, asdbjected to remote uniform stresses
is considered. The materials of both the inclusion and mate considered to be linear elastic
isotropic. Let & y) and ¢, 6) be the cartesian and polar coordinates with the origin of-co
dinates in the center of the inclusion, assuming withoutlasyg of generality thatq y) is the
principal coordinate system of the remote stress stateetklin the principal stresse§’ > o,
see Fig. 1.

In the present work, which covers also configurations whetl kemote principal stresses are
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Figure 1. Inclusion problem configuration under biaxial remote tkamse tension (a) without and (b) with a
partial debond.

compressive, the following genelalhd-biaxiality parametek.
oy oy

= , -1<y<1, 2
2 maxjog], o) X @)

X

is used. Denoting the Frobenius norm of the remote stresisyS™ = /(o%)? + (05)2, we
haveoy = S* cos¢™ andoy’ = S* sing™.

Let the position where the interface crack onset occurs lh@etkby the polar anglé, €
(0°,90°). The semidebond angle is denotedasDuring the debond growth the anglgmay
or may not be placed at the center of the debond.

According to Fig. 1(b) only one debond, initiated at a poirft A a, 6 = 6,), is considered,
although depending on the problem symmetry two or four eajeivt positions for debond onset
may exist at the inclusion interface with= +6,, +6, + 180¢. Nevertheless, according to the
experimental evidence only one side of the fibre-matrixrfate is usually broken [10, 11].
This will also be obtained by the present numerical modelenethhe crack onset can occur
at any of these two or four points, but once a crack has stattede of these points it will
continue growing, preventing failure in the other symnugtity situated points.

A typical bimaterial system among fibre reinforced compeositterials is chosen for this study:
mepoxy matrix and-glass fibre (inclusion), the elastic properties of matmxl dibre being
En =279 GPay, = 0.33,E; = 70.8 GPa and; = 0.22, respectively.

The strength and fracture properties of the fibre-matrigriiate, tensile strength, = 90 MPa
and fracture energy in modeG,. = 2 Jnt?, considered in the numerical procedure are in
the range of values found in the literature [10, 12], andespond to quite brittle behaviour
[2, 13] making the hypothesis of the LEBIM to represent appaiely a possible real composite
material behavior [7].

LIt is easily to see that gives the position of the center of the normalized Mohr ainéerence and its charac-
teristic values arg = 1 - equibiaxial tensiony = 0.5 - uniaxial tensiony = 0 - equibiaxial tension-compression
(pure shear stress),= —0.5 - uniaxial compression and= -1 - equibiaxial compression). It is useful to realize

thatg™ = 3 (x - 3)-
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In the following numerical study the following LEBIM propiges are used¢é=0.25,1=0.25
(characterizing the fracture toughness sensitivity onftheture mode mixity) and a circular
inclusion radiusa=7.5um.

4. BEM model and numerical results

The present non-linear problem of the crack onset and padjgagalong the fibre-matrix inter-
face governed by the LEBIM is solved by means of the BEM, wialrery suitable for solving
this kind of problems where all nonlinearities are placedrenboundaries of the subdomains.
Implementation details of the collocational 2D BEM code égpd and an overall description
of the solution algorithm can be found in [6, 7, 9, 14]. Thigaithm uses an incremental
formulation and a veryféicient solution procedure, usually referred to as sequéntinear
analysis, appropriate for the present non-linear problEne present BEM model represents a
cylindrical inclusion with a radiuga =7.5um inside a relatively large square matrix with side
2¢ = 1 mm. BEM mesh has 1472 continuous linear boundary elemgwmsiniform meshes of
720 elements discretizing both sides of the fibre-matrigrfiate (therefore, the polar angle of
each element is 02%band 32 elements for the external boundary of the matrix revttee remote
stressegry andoy’ are applied. Rigid body motions are removed by the Methodrfi-
duced in [15], see also [14]. The inclusion is consideretiilty as bonded to the matrix along
its perimeter by means of a continuous distribution of sggigoverned by the LEBIM. The
debond onset and propagation is modeled by progressivebking springs between bound-
ary element nodes placed at both sides of the interface. , Theswumerical procedure used
is driven by the interface crack length and is able to anabggh snap-through and snap-back
instabilities of a crack growth.

In Fig. 2 the numerical results obtained foffdrent values of the load biaxiality parameter
x = 0,0.25,05,0.75 and 1 are presented. Recall that 0.5 corresponds to the case of
uniaxial tension in the-direction ¢y’ = 0).
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Figure2. Numerical results. (a) The normalized applied stress veisipect to the normal relative displacemeits
at point A, see Fig. 1, and (b) The normalized applied stragsmaspect to the semidebond anglefor different
biaxial loads combinations, with= 0.25 and1=0.25.
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In Fig. 2(a), the normalized remote stress/o is plotted as a function of the normal relative
displacement (opening},, evaluated at the point A(6, = 0°) defined in Fig. 1(b). The
(minimum) remote stress value that is needed to initiatekcggowth (in simple terms, the
stress that is needed to break the first spring in the presseriete model of the interface)
is called critical stressgg, and corresponds to the local maximum of a function shown in
Fig. 2(a). It can also be observed in Fig. 2(a) that afterhmecthe critical stressrg, the crack
growth becomes unstable, requiring smaller values of timote tension to cause further crack
growth. Thus, an instability phenomenon called snap-thinas predicted in the case of remote

load control, see Section 5.
5. Instability analysis

In the following section, the instability behaviour obsesvin Fig. 2 will be analysed under a
remote load or displacement control. Although only the cdsmiaxial tensiony = 0.5), with
the default values of and4, is considered for the sake of brevity, the results wouldiielar
for other values of the governing dimensionless parameteig. 3(a) shows the normalized
applied remote stressy’ /o versus the averaged longitudinal straialong the segment#B
and PQ, between two pairs of points of the matrix placed on ¥axis and symmetrically
situated with respect to the origin. The coordinates of tite@ints ofABare k = +a,y = 0)
and ofPQ (x = ¢,y = 0), wherea is the fibre radius andthe half-length of the matrix square
cell side,f/a = 66.7 in the present study® represents the averaged longitudinal strain for a
purely linearly elastic fibre-matrix interface with no delglp whiles® is the additional averaged
longitudinal strain due to deboneg’(= ¢ — £°). For a similar additive decomposition of relative
displacements, see [16] (Ch. 12 therein).
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Figure 3. Numerical results. The normalized applied stre§swith respect to (a) the averaged longitudinal
strains,eap = €55 + €45 andepg = €pg + ggQ, and (b) the additional averaged longitudinal strain dueeioond,

&ig and the scaled one §6f, with y = 0.5, ¢ = 0.25 and=0.25.

The diagrams; — ¢ in both cases (considering segmeABandPQ) exhibit cusp snap-back
instability [17] after the peak point (bifurcation pointhere the debond onset occurs. Actually,
this kind of instability also appears for all intermediaggments betweeAB andPQ. While
the snap-back instability is easily observable in the curye- eag in Fig. 3(a), this instability
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is not visible by naked-eye in the cure€’ — £pq, as the curve branches before and after the
peak point are extremely close to each other, visually ¢ding in the plot, because the matrix
cell is very large with respect to the fibre. As thiéeet of the debond onset and growth on
the fibre-matrix interface is hardly visible on this plot, @omed view of this curve with its
cusp is also included in Fig. 3(a) to show this instabilith&eéour. Obviously the values of
o5 |o¢ at the local maxima (peak point) and minima in both curveadde (values 0.692 and
0.2704, respectively) as indicated in the curve plots. lansethat after the debond onset, we
may decrease the applied load significantly, up to 39% of titieal load in the peak, keeping

a continuous propagation of the debond.

Moreover, to understand better the post-peak behaviagrainsr-y <9 are plotted in Fig. 3(b).
The value ofegQ, which strongly depends on the cell siz€as a consequence of the Saint-
Venant and superposition principles), is scaled by anrantyitfactor 50}; resulting in a value
very similar to that ofe%;. The initial very steep negative slope of these diagramiatels
that according to the present model, using the LEBIM of theefilmatrix interface, the debond
onset and growth exhibits cusp snapback instability tygmwaa brittle structural behaviour.
This observation is quite fierent from a smooth snapback instability observed in soreesca
in [18, 19] using a CZM of the fibre-matrix interface.

6. Conclusions

From the numerical results obtained, it can be observedithah the remote load reaches its
critical value given byrg;,, the subsequent debond growth up to the critical semideaogled,

is unstable, an instability phenomenon called snap-badlsaap-through, respectively, taking
place under remote displacement and load controls. A pdremseudy shows thad, increases
with increasingy in the range studied, eventually very large debonds &ith 90° are predicted
when similar tensions are applied in both directions.

Summarizing the instability analysis, the cuer§ — epq shows that under both load and dis-
placement control at the outer boundaries of the matrixaalidden and large breakage of
the fibre-matrix interface is predicted by the present moletice that, the debond onset and
growth could develop, at least hypothetically, in a stabéaner if it would be controlled by the
crack opening, according to Fig. 2(a).
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