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Abstract

In this paper, a numerical simulation method is used to study the effect of specimen size on interfacial behavior of the specimen in

fiber pullout tests. Interfacial shear stress and normal stress are analyzed for different sizes of the test specimen. The interface

between fiber and matrix is assumed to be bonded perfectly. For simplicity, all materials are assumed to be linear and elastic solids,

and the effects of thermal residual stress and friction between crack faces are ignored. The effects on interfacial behavior of both

length of the fiber embedded in the matrix and thickness of the matrix around the fiber are studied using the finite element approach.

Furthermore, the effect of the specimen size on the interfacial crack growth is also studied by way of energy release rate. The study

shows that the size of the test specimen can influence interfacial stresses and fracture characteristics dramatically.

� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Interfacial properties play an important role in ana-
lyzing the mechanical behavior of fiber composites. The

bonding characteristics of the interface between fiber

and matrix have usually been investigated experimen-

tally by examining some important physical parameters

under various bonding situations. Two such experiments

are the single fiber pullout test and the micro-drop

debonding test [1–3]. The single fiber pullout test, in-

troduced decades ago, is one representative method and
has now become an important experimental technology

in studying the mechanical behavior of fiber composites

[1]. One of the obvious difficulties of this test is the de-

termination of the distribution law of stresses over the

interface, for example where strong stress gradients ex-

ist, as at the entry point (point A in Fig. 1) of the fiber

composite and at the end of embedded part of the fiber

(point B in Fig. 1). On the other hand, Some approxi-
mate approaches based on a shear-lag model can pro-

vide an approximate qualitative estimation for the

stresses [3–5]. Unfortunately there is in the literature

virtually no closed analytical solution of the interfacial

stress, although its geometry is simple. This is because,

in the elastic model, the maximum of interfacial stresses
at points A and B may reach infinity, although in reality

the interfacial stresses remain limited due to the large

strain and plasticity effects. The actual maximum value

is very complex and not easily obtainable by a simple

analytical approach. The shear-lag scheme for inter-

pretation of experimental data relies on very simplified

theoretical ideas, mostly based on the assumption of

constant shear stress distributions along the fiber length,
and provides an approximation of interfacial shear and

normal stresses. These values can only be average values

of the interfacial stresses and cannot reveal the reality of

the interfacial stress distributions along the fiber length.

In addition, the initial crack at the interface may influ-

ence the interfacial behavior considerably. During the

process of the fiber debonding from the matrix, crack

growth process is very complicated due to the singu-
larity of the stress field and the high stress concentration

at the tips of the crack. The commonly used elastic shear

strength of the interface cannot well describe the whole

process of crack growth. However, it is convenient to

apply the concept of the energy release rate to interpret

the interfacial debonding. Following this line, many

works have been done in applying fracture mechanics to

micro-mechanics tests such as the fiber pullout test and
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the micro-drop debonding test, in order to simulate the

whole process of the interface damage. These analyses

can indeed explain the results of experiments very well
[2–5]. Besides, thermal residual stress and friction of the

crack in the interface may influence the debonding be-

tween fibers and matrices [6,7]. The presence of these

effects constitutes a challenge in solving this category of

problem, and the numerical simulation method used in

this paper provides a powerful tool.

In what follows, a finite element (FE) simulation is

performed to study the effect of specimen size (including
embedded length, lf , and radius, rm, of wrapped matrix)

on interfacial behavior of the specimen in fiber pullout

tests. Both the fiber and the matrix are assumed to be

linear elastic and the interface is assumed to be bonded

perfectly. For simplicity, effects of thermal residual

stress and friction between crack faces are ignored. It

should be pointed out that the interfacial crack growth

depends in some extent on the thermal residual stress
and the friction between crack faces. For example, when

the crack faces are under combined compression and

shear, the effect of sliding frictional stresses on the crack

faces can not always be ignored. Therefore the as-

sumption above holds true when the near-tip contact

zone is negligibly small and the residual thermal stress is

relatively small in comparison with others. The numer-

ical simulation includes analyses for interfacial shear
and normal stresses with different dimensions of speci-

men. The process of interfacial crack growth is also

studied by way of the energy release rate for different

specimen sizes.

2. Finite element modeling

Consider a fiber–matrix specimen in the situation of

fiber pullout test, whose geometry was shown in Fig. 1.

The commercial FE software ANSYS is used in the FE

simulation. Due to axisymmetry, the specimen can be

considered as a 2-D elastic body and 8-node quadrilat-

eral element PLANE82 is used in the analysis. Follow-

ing parameters are used in all calculations [5]:

(1) Fiber: radius rf ¼ 5 lm, Young�s modulus Ef ¼ 64

GPa, Poisson ratio mf ¼ 0:2;

(2) Matrix: Young�s modulus Em ¼ 3 GPa, Poisson ra-

tio mm ¼ 0:35.

We distinguish following four cases:

(a) the effect of the embedded fiber length on interfacial

behavior: rm ¼ 10rf and the embedded fiber length lf
varies from 2rf to 40rf .

(b) the effect of wrapped thickness of the matrix (i.e. rm)
on interfacial behavior: lf ¼ 10rf , while the wrapped
thickness rm varies from 2rf to 30rf .

(c) the effect of the embedded fiber length on the process
of the interfacial debonding: rm ¼ 10rf , lf=rf ¼ 4, 6,

8, 10, 15, 20, 30, and the crack length c varies from

0:05lf to 0:95lf .
(d) the effect of the matrix wrapped thickness on the

process of the interfacial debonding: lf ¼ 12rf ,
rm=rf ¼ 4, 6, 8, 10, 15, 20, 40, and the crack length

c varies from 0:05lf to 0:95lf .

The FE results and discussion are provided in the

next two sections.

3. Interfacial stresses of fiber composites

The interfacial stresses of fiber composites under

pullout test is usually determined by a shear-lag model

in which stresses along the fiber length are assumed to be
uniformly distributed. Actually, the variations of inter-

facial stress along the fiber are very complicated. For

example, a high stress concentration exists near the

critical points A and B of the fiber. Therefore, the FE

mesh density has been increased near the two critical

points (element size being less than 1/10 of the fiber

radius in our analysis) in order to obtain a meaningful

solution. A typical element mesh is shown in Fig. 2.
With the commercial FE software ANSYS and the ele-

ment mesh shown in Fig. 2, the first two cases in Section

2 are analyzed as follows.

Case (a): Fig. 3 shows the distribution of the shear

stress along the fiber for different lengths lf . It can be

seen from the figure that shear stress reaches its maxi-

mum at point A (see Figs. 2 and 3). Along the fiber, the

shear stress decreases rapidly to zero near the end point

Fig. 2. FE mesh.

Fig. 1. Geometry model of the fiber pullout test.
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of the fiber. Then, the shear stress increases suddenly

near point B. It is shown that there is a stress concen-

tration near both critical points A and B of the fiber. In
Fig. 4 the normalized stress r=p is presented as a func-

tion of normalized axial coordinate y=2rf . It can be seen

from the figure that the maximum of normal stress oc-

curs also at point A of the fiber, which may be the cause

of interfacial debonding. The stress drops to zero sud-

denly and then remains at zero up to the end of the fiber,

at which another stress concentration occurs. The results

in Fig. 5 show variation of maximum shear stress smax=p
with the normalized embedded fiber length lf=2rf . It is
evident from Fig. 5 that smax=p decreases gradually

along with the increase in embedded fiber length.

Moreover, the degree of stress concentration at point B

also decreases (see also Figs. 3 and 4), but this tendency

becomes weaker at a certain point even though the
embedded length of fiber continues to increase. When

the embedded length of fiber amounts to more than 20

times the fiber radius (20rf ), the stress concentration

does not decrease any further (see Fig. 5). The stress

concentration near point B is relatively high when the

embedded length is small and relatively low when the

embedded length is large.

Case (b): Figs. 6 and 7 show, respectively, the nu-
merical results for the normalized shear and normal

stresses versus the normalized axial coordinate y=2rf . It
is found that the stress concentration at point B is not

very sensitive to the wrapped thickness rm, as shown in

these two figures. The calculation also indicates that the

stress concentration near point B is attributable to the
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Fig. 3. Shear stresses along fiber for different fiber-embedded length.
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Fig. 4. Normal stresses along fiber for different fiber-embedded length.
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Fig. 5. Maximum shear stress vs fiber-embedded length.
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Fig. 6. Shear stresses along fiber for different matrix-wrapped thick-

ness.
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embedded length only, not to the wrapped thickness. It

is found from Figs. 6 and 7 that all curves intersect at a

certain point (y=rf � 2 in Fig. 6). This indicates that

there is an optimal embedded length at which variation
of the matrix-wrapped thickness does not affect inter-

facial stresses.

Fig. 8 shows that, for a fixed fiber-embedded length,

the maximum of both interfacial shear stress and normal

stress at point A are relatively larger when wrapped

thickness is relatively small. The maximum of interfacial

stresses decreases along with increase in the wrapped

thickness. This tendency stops at a certain point even
though the embedded length of fiber continues to in-

crease, as shown Fig. 8.

The numerical results above indicate that the con-

centration of shear stress on the interface is not the only

factor implicated in interfacial damage. The concentra-

tion of normal stress vertical to the interface is another
important factor.

4. Energy release rate of interfacial crack

The FE simulation for the relationship between en-

ergy release rate and crack length as well as the effect of
specimen size on energy release rate is studied in this

section. Because of singularity of the stress field at the

tip of a crack, singularity elements [8] are used around

the tip of a crack. FE mesh around the tip has also been

refined so that minimum element size at the tip of the

crack is 1% the fiber radius only. The local FE mesh and

the singularity element at a crack tip are shown in Fig. 9.

For a small crack length, deformation of free part of the
fiber contributes significantly to the energy release rate.

The energy release rate of this part can be expressed

approximately by [6]

G0 ¼
p2

4p2r3fEf

ð1Þ

The numerical results for cases (c) and (d) described in
Section 2 are listed in Figs. 10 and 11. The numerical

study shows that when crack length is very small, the

energy release rate decreases as the cracks increases.

However, subsequently the energy release rate will in-

crease instead of decreasing along with increase in crack

length. It is also observed from Fig. 10 that a �plateau
range� appears during crack growth. When the crack

approaches point B (see Fig. 1), the energy release rate
increase quickly with a very high incremental rate. For

the case of a relatively small embedded length, the pla-

teau range cannot be seen; the length of the plateau

range increases as the length of fiber embedded in-

creases.

Fig. 11 shows the effect of the matrix-wrapped

thickness on the energy release rate. When wrapped

thickness is more than 20 times the fiber radius, the
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effect of wrapped thickness on energy release rate can be

ignored. Approaching point A, energy release rate de-

creases gradually until it reaches its minimum. This in-

dicates that within the domain of stress concentration,
any small interfacial pre-crack will develop steadily to a

certain length. After passing the critical crack length

ccri=rf ðccri=rf � 8 in Fig. 11), the crack will grow un-

stably and this instability continues until the fiber is

completely debonded from the matrix.

5. Conclusions

The effect of specimen size in the fiber pullout test was

studied by FE simulation. The distributions of interfa-

cial shear and normal stresses along the axial direction

of the specimens were obtained by way of the com-

mercial FE software ANSYS. The influence of specimen

size on the energy release rate of interfacial cracks was

also discussed in this study. Specimen size here includes

the fiber-embedded length and the matrix-wrapped

thickness. The results obtained can be used to establish
relationships between fracture toughness and fiber-em-

bedded length and/or matrix-wrapped thickness. For the

case of catastrophic failure, the proposed numerical

modeling can also be used to determine the critical load,

Pc, as a function of embedded length. The findings of

this work can be summarized as follows:

(1) Both normal and shear stresses are not constant
along the interfacial length which was used. Normal

and shear stress concentrations exist near the fiber

ends. In contrast, in the shear-lag model the shear

stress along the fiber was assumed to be constant.

(2) Interfacial shear and normal stresses are affected by

the specimen size, i.e. embedded fiber-length and

wrapped thickness. The stresses near point A be-

come smaller along with decrease in fiber-embedded
length or matrix-wrapped thickness. After a certain

point, the interfacial stresses do not decrease. Figs.

6 and 7 show that all curves intersect at a certain

point. This indicates that there is an optimal embed-

ded length at which variation of the matrix-wrapped

thickness does not affect interfacial stress.

(3) For a fixed interfacial crack length, the energy release

rate (near point A) becomes small when the fiber-em-
bedded length or the matrix-wrapped thickness in-

creases. During the whole process of interfacial

crack growth, the energy release rate experiences a

�plateau range� within a wide range of crack length.

For example, the plateau width is from c=rf ¼ 3 to

c=rf ¼ 21 for the curve lf=rf ¼ 30 in Fig. 10. This in-

dicates that energy release rate is approximately con-

stant except for the domain near the two critical
points (A and B). From the above analysis it is real-

ized that fracture toughness should be obtained from

specimens of full section embedded length and

wrapped thickness to ensure relevant levels of con-

straint and thus realistic values of toughness. There-

fore, full size specimens are recommended if accurate

rather than conservative data are required.
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