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ABSTRACT

The shear lag andyss was combined with the Monte Carlo method, and gpplied to two-dimensond modd
composite to smulate the tendle behavior of unidirectiona continuous fiber-reinforced brittle matrix composites with
wesk interface. The features particular to weakly bonded composites such asintermittent breskage of components and
interfacial debonding, sarrated sress-grain curve, pull-out of fibers, deleterious effects of resdua stresses on strength
of compaosite, overdl unnotched strength determined by fiber bundle, longitudina cracking arising from the tapered
portion in unnotched specimen and from the notch tip in notched specimen and the notched srength given by the net
stress criterion, were Smulated well.
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INTRODUCTION

When the interface in brittle fiber/brittle matrix compostes is strong, the crack arrest-capacity is low and high
strength and toughness cannot be achieved. Thus the interface is controlled to be weak. For the desgn and practica
use, it is needed to describe and predict the behavior of weakly bonded composites.

Under tendle load, damages (breskage of fiber and matrix, and interfacid debonding) arise & many places, being
digributed spatidly. The damages interact mechanicdly to each other. Such mechanicd interactions determine the
gpecies and location of the next damege, one after another. Thus the damage map and therefore the mechanica
interaction among damages vary with progressng fracture. As aresult of consecutive variaion of them, mechanica
properties such as sress-drain curve, srength and fracture morphology are determined. Thus, for description of the
behavior of composites, as the damage map varies a every occurrence of new damage, the new interaction shdl be
cdculated for the new damage map one after another

One of the tools to solve this problem may be the shear lag andysis [1,2]. However, the ordinary shear lag andlysis
have been deveoped using the approximation that only fibers carry applied dress and the matrix acts only as a
stresstransfer medium. Due to this gpproximation, it had two disadvantages; it can be gpplied only to polymer- and
low yidd dressmed —matrix composites but not to intermetalic compound- and ceramic-matrix ones, and the
resdua stresses cannot be incorporated. Recently, the authors [3-5] have proposed a modified method to overcome



these disadvantages, with which the generd Stuation (both fiber and matrix carry gpplied stress and dso act as dress
transfer media) can be described and residual stresses can be incorporated, to afirst approximation.

In the present sudy, the modified shear lag andlyss mentioned above will be combined with the Monte Carlo
method and be gpplied to 2D modd, to smulate the tensile behavior of unidirectiona weskly bonded brittle matrix
composites.

MODELING AND SSMULATION METHOD

A two-dimengond modd composte employed in the present work is shown in Fg.1. The components (fiber and
matrix) were numbered as 1,2....i,... to N from left to theright Sde. Each component was regarded to be composed of
k+1 short component dements with alength Dx. The postion at x=0 was numbered asO0 and then 1, 2, 3...,j... k+1
downward, in sep of Dx.. The "i" component from x=(j-1) Dx to jDx was named as the (i, - component-eement, and
the interface from x=(j-1/2) Dx to (j+1/2) Dx between "i" and "i+1" components as the (i )} inteface-dement. The
displacement of the (i,j)-component-element a x=jDx was defined as U;;. Two parameters (aij and g;) were
introduced to express whether (i,j)-interface is debonded (a;=0) or not (a;;=1) and whether (i,j)}-component isbroken
(9/0) or not (g; =1). From the spatid digtribution of debonded interface-elements with a;=0 and broken
component-elements with g;=0, the damage map was expressed. The vaues of a;; andg; were determined & each
occurrence of damage. The vaues of U; were caculated by the procedure esewhere [34], from which the tengle
stress's;j of each component and shear stresst;; a each interface were calculated .

The smulation of the sress-strain behavior was carried out in the following procedure.

(1) The strength of each component §; was determined by generating a random vaue based on the Monte Carlo
procedure using the Weibull distribution

(2 Two possihilities arise for the occurrence of damage; oneis the fracture of the component which occurs when the
exerted tendle dress s;j; exceeds the strength § and another is the interfacia debonding which occurs when the
exerted

j:Oi:l 2€-E-E-E-fi€ £-E-E-E-e=EN 8

-E

. A

- F ber
-£

. +«4—Matrix
j-1

j
j+1

-E

-

-£

-E

k+1

\/
i Di splacement
j-1 Uij1
A
\ Component element
Inerfacedlement | u, )

-0 -0 (i-1j) ——— UG+
-0-0-0 (i)
A

j+1

Ui J+1



1and

1, (m',n’y-interface-dement is debonded.

Figurel Modding for smulation.
shear stresst; j exceedsthe shear strength t .. To identify which occurs, s for al component e ementswere cal culated

and the component eement having the maximum s;;/S; -value, ssy (m,n)-component , was identified. Also, the
1 and t iyt >=1, (m,n)-component-element is broken when S mn/Smp>tminftc, while (m',n’-interface-

element is debonded when s mp/Smpn <tmp/te In thisway, what kind of damage occurs is identified. Then asSmilar
process was repeated and the next damage was identified one after another. Such a procedure was repeeted until no

more occurrence of damage at agiven gtrain.

(3)When no more damage occur, the gpplied strain e, was raised, and the procedure (2) wes repeated until overdl

fracture of the composite.

breskage of component and no interfacia debonding occur. Thus the gpplied strain wasraised. (iDIf Smp/Smp>

tmn/te <1, (m,n)-component-dement is broken. If smp/Smp <l and tp/tS

If Smy/Snn>

interface dement with the maximum shear dress, say (m',)n), was identified. (NIf Smp/Sn<l and typ/te <1, no

RESULTSAND DISCUSSION
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Figure 2 An example of the dress-drain curve and variaion of damage mep of the
composte caused by progress of the interfacid debonding under the given geometry of the



broken components.
Progress of Interfacial Debonding and the Resultant Stress-gtrain Curve of the Composite with the Fixed
Geometry of Broken Components

In thiswork, amini szed model composite was used to describe the fundamenta process of fracture, and following
vaues were usad for caculation: N=9, k=12, d=d,,=0.1mm, Dx= 0.2 mm (=2d}), E=400GPa, E,=200GPa, G=160
GPa, G,=80GPa, t .= 50- 200 MPa. and t1 =0 MPa.

Frd, in order to know the influence of pre-existent broken component element on the progress of debonding, the
change of damage-map and overdl dress-dtrain curve of composite was Smulated under the given geometry of the
broken components. In this case, it was assumed that no breakage of the components occurs. Figure 2 shows the stress
(sc)-gran (ec) curve and damage map a various strains.

The feature of the debonding progressesis read as follows. The first debonding sarts at e=0.0021, followed by the
2nd to 6th debonding at the same drain, as indicated by 1 to 6. Then the debonding sops. Due to the progress of
debonding at many interface- e ements, the stress-carrying capacity of compositeis reduced. The reduction of stressa
e=0.0021 in the curve corresponds to such an interfacid debonding-induced loss of gress carrying capacity. After
occurrence of the 1<t to 6th debonding at e =0.0021, the overal debonding stops since the shear stresses of dl bonded
interface e ements become lower thanthe criticd vadue at this srain. Beyond e=0.0021, no debonding occurs and the
composite sress increases up to e=0.0025, a which the 7th to 10th debonding occur one after another, resulting in
loss of dress carrying capacity. After the stoppage of debonding, the composite Stress again increases with increasing
drain. As shown in this example, the overdl debonding progresses intermittently with repetition of growth and
stoppage, resulting in the serrated stress-strain curve.

Stress-strain Curve of the Compositein Which Both Breakage of Componentsand | nterfacal Debonding Occur

Fgure 3 shows examples of the dress-grain curve of the compaodte in which both breskage of components and
debonding of interface occur consecutively. (8) shows the case where the coefficients of thermd expanson of
fiber( ar) and matrix(am) are the same (5x10%K) and therefore no residud stress exists and (b) the case where they
are different(as =5x10%K and a,=10x 10°/K) and the residud stresses are introduced by cooling from 1500K to
300K. As the number of eements of broken fiber (Ng), matrix (Niw) and interface (N;) were quite different to each
other and could not be clearly shown on the same scale, the normaized values with respect to the final values N,
Nm+ and N5, respectively, are shown in this figure. Figure 4 shows the fracture process of unnotched compodite with
tapered grip portion. From Figs.3 and 4, following features are read.

() The dress-drain curve shows dso serraion due to the intermittent breskage of the components and interfacid
debonding.

(iDIn case (b) in FHQ.3, as ar < an, the matrix and fiber have tendle and compressive resdud stresses dong fiber
axis, respectively. In the example of Fig.3, the average failure strain of the matrix was taken to be comparable with
that of fiber under no resdud dresses. The authors [3,4] have shown thet the tendle resdud dtress in the matrix
enhances the breskage of matrix and dso hastens the matrix breakage-induced debonding, while the compressve one
in the fiber retards the fracture of fiber and dso suppresses the fiber breskage-induced debonding. Comparing the
vaiaion of broken matrix-eementsNy and debonded interface-dementsN; with increasing applied srain in case (b)
with that in case (a), the former evidently shifts to lower drain range. As known from such a difference under the
exisience of the present resdud stresses, the matrix breskage and matrix breskage-induced debonding occur in the
early sage, resulting in loss of stress carrying capacity and therefore low strength of composite. On the other hand, in
the composite without residud stresses (a), the matrix is broken nearly at the same srain of bregkage of fiber and the
premature debonding does not arise so much until the ultimate dress, resulting in high strength. As the deleterious
effect of the present residud stresses on the strength of weakly bonded composites, the strength of the composite with
resdua stresses (b) was 930M Pa, which wasfar [ower than 1500M Pa of the composite without residua stresses(a).



(iii) In the case of (b) in Fig.3, the matrix breskage and the interfacia debonding have occurred in the early stage.
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Figure 3 Comparison of the stress-gtrain curve, strength and accumulation process of
damages between the composites (a) without and (b) with residua stresses.
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Figure 4 (a): Schemaic drawing of the longitudina cracking in the unnotched specimen.
(b): Modding for amulation. (c) to (€): Smulated fracture process accompanied with



longituding cracking and the fracture morphology
Once such a Stuation has occurred, the fibers are separated to each other and behave like a fiber bundle without
matrix. Thus the srength of such compodte is given by the srength of the fiber bundle. Further smulation using the
low falure
drain-matrix composite without resdua stresses showed the same feature.

(iv) It has been known that, in weskly bonded composites, longitudina cracking occurs ahead of the notch.
Furthermore, even in the unnotched samples, the longitudind cracking between the parald gage portion and the
tapered one occurs (Fg.4(a)). Such afeatureisaso well redized in Fg.4 (b) to (e).

(V) It has been wdl known that the fiber is pulled-out in weakly bonded compostes. The find fracture morphology
of the composite, shown in Fig.4(e), describes such afeature aso.

(vi) In notched samples, the longitudind cracking occurs in the whole length between the grips a lower gpplied
dress leve than that in unnotched samples. Thus, the notch does not cause mode | type fracture but enhance
longitudinal cracking. As aresult, the strength of notched samples could be expressed by the net Strength criterion.

CONCLUSIONS

The variation of the damage map, stress-drain curve, strength and fracture morphology of two-dimensiond model
composite with wesk interface were smulated by combining the shear lag andyss with the Monte Carlo method.
Following features of weakly bonded composites were described.

(1) Both of the breakage of components and interfacia detonding occur intermittently.

(2) Asaresult of (1), the stress-dtrain curve is serrated.

(3) When the fracture srain of matrix is low, the resdud sresses (tendle and compressve sresses dong fiber axis
for matrix and fiber, respectively) enhance breskage of matrix and matrix breskage-induced debonding at low applied
drain. Asaresult, the stress carrying capacity of the composite is reduced, resulting in low strength.

(4) The drength of weekly bonded composites whose matrix has low falure drain is practicaly given by the
srength of the fiber bundle.

(5 Longitudind cracking arises & the notch tip in notched gpecimens and dso a the tapered corner in the
unnotched specimens.

(6) The notched strengthiis given by the net stress criterion.
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