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Abstract

We investigate the fragmentation process in a
single-fiber composite (SFC), using a cohesive zone
model. The evolution of microscopic damage near a
fiber break has been investigated in detail. The
results indicate that cohesive parameters for the
fiber-matrix interface control the microscopic
damage near a fiber break and the fragmentation
process. We discuss how the major damage mode
near a fiber break transits from interfacial
debonding to matrix cracking. The transition to a
damage pattern dominated by matrix cracking
makes it difficult to use the fragmentation process to
evaluate interface properties in an SFC test. The
discussion demonstrates that the fiber strength
distribution can be obtained by fitting the
fragmentation process while the estimation of
interfacial properties based on SFC tests becomes
difficult because of the damage transition to matrix
cracking in the case of strong interface.

1 Introduction

Fiber-reinforced polymer matrix composites
have been widely used as load-bearing materials in
industries for their superior mechanical and strength
properties. To ensure the reiability of the structures
composed of these composites, the detailed
understanding of the damage behavior in them is
required. For the quantitative characterization of the
microscopic damages in the composites, single-fiber
composite (SFC) has been widdy used [1]. In the
SFC, a single fiber embedded in the matrix suffers
multiple fiber breaks, and the matrix cracks and
interfacial debonding stem from them under tension.
These damages in SFC may be reasonably related to

those in short or continuous fiber-reinforced
composites.

Numerous models have been proposed for the
guantitative evaluation of the microscopic damage
and fiber fragmentation in SFC. Early models for
SFC [2] represented the accumulation of fiber breaks
based on the constant interfacial shear stress model
neglecting the failure of matrix or interface around
fiber breaks. These models estimated the interfacial
shear strength from the final distribution of fiber
fragmented length. However, recent researches have
reported that interfacial debonding [3] or matrix
hardening [4] influences the axial stress recovery
from fiber breaks, which is a key factor for the fiber
fragmentation. On the contrary, some researches
focused on the interfacial debonding induced by
fiber breaks and predicted its growth by linear
fracture mechanics [5]. However, their models
cannot describe the detailed plastic deformation of
matrix aound a fiber bresk. Therefore, a
comprehensive model of microscopic damage and
fiber fragmentation in SFC, considering matrix
plasticity and the failure of matrix and interface,
must be established.

We present a numerical model for the fiber
fragmentation in SFC, based on finite element
analysis combined with cohesive eements.
Moreover, we conduct Monte-Carlo simulations for
the fragmentation of the embedded fiber to
investigate the influence of the matrix failure and
interfacial debonding on the fiber fragmentation.
Based on the model, we attempt to quantify the
fracture properties (strength and toughness) of the
fiber/matrix interface in composites, using the
fragmentation process and debonding growth for HI-
Nicalon™ SiC singlefiber epoxy composite and
T300 carbon single-fiber epoxy composite systems.



2 Single-Fiber Composite Model

In the SFC, a single fiber embedded in a
polymer matrix suffers multiple fiber breaks when
loaded in tension, with matrix cracks and interfacial
debonding forming around the bresks. Figure 1
illustrates typical microscopic damages around a
fiber break in SFC. Transverse matrix cracks and/or
interfacial debonding between the fiber and matrix
emanate from fiber breaks. To investigate the mutual
interaction of these microscopic damages, we have

devel oped a micromechanical model as shown in Fig.

2. The analysis considers fiber fragmentation by
setting the positions of fiber breaks in the model at
regular intervals, as shown in Fig. 2. Fiber breaking
is assumed to follow a maximum stress criterion
with a Webull statistical distribution of breaking
strengths.
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where p is the Weibull modulus, and o is the
characteristic strength of a fiber with length L.
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Fig. 1. Typical microscopic damagesin SFC
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Fig. 2. Micromechanical model for SFC
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Moreover, the initiation and propagation of
matrix cracks and/or interfacial debonding induced
by the fiber break is permitted through the
incorporation of six-node Dugdale cohesive
elements between the solid dements at the
corresponding positions. Cohesive dements are
interface e ements that relate the cohesive traction T
across the interface to the interface separation A. We
recently presented a simple cohesive eement
congtitutive rule for T versus A [6, 7] that is based
on Dugdale’s assumption, as illustrated in Fig. 3.
After the interface traction reaches its maximum
value Tima (i = I, 1), where subscript i denotes the
separation mode of the cohesive dement, the
traction remains constant until complete separation

occurs at a critical value 4i. (i = I, Il). The critical
separation and maximum traction are related to the
critical energy release rate Gi (i = I, 1) of the
cohesive element as
A =2 Timsc @
Ti,max 2k1

where k; dencotes the tangent modulus of the intact
cohesive elements. Then the parameters of the
present cohesive dement are constant maximum
traction T; mex @nd critical energy release rate G, of
eachmode (i =, I1).

The mode consists of nine-node isoparametric
elements for the fiber and matrix. The fiber is
modeled as an orthotropic-elastic material while the
matrix is assumed to be an isotropic eastic-plastic
material. The plastic congtitutive behavior of the
epoxy matrix is based on J, flow theory and uses
linear-isotropic hardening function.

The incremental analysis is conducted by
controlling the end displacement of the modd. In
order to consider the proper interaction of individual
damage, Rin method is used for the damage process
in cohesive elements and matrix yielding.
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Fig. 3. Dugdale cohesive e ement
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3 Numerical Results for the Microscopic Damage
in SFC

This section presents the simulated results of
the fragmentation process in an embedded fiber and
the microscopic damage near a fiber break (matrix
cracking and interfacial debonding) as cohesive
parameters for the fiber-matrix interface are varied.
The simulation used the material properties of
carbon-fiber (T300) and epoxy (Epikote 828 with
TETA as curing agent) single-fiber composite.

Figure 3 shows the simulated results when the
interface parameters are varied. The stress in the
figure is the difference between two principal
stresses. Cohesive parameters for the fiber/matrix
interface controls the microscopic damage around
fiber breaks. While no matrix cracks are initiated
and interfacial debonding grows around all fiber
breaks, matrix cracks do appear and the debonding
growth is greatly suppressed around almost al fiber
breaks with the improved interface properties. The
damage pattern when interfacial properties are
varied is consistent with the experimental
observations reported in Ref. [8].

Figure 4 summarizes the ssimulated results of
the number of fiber bresks as a function of the
applied strain. When matrix cracks are initiated
around some fiber breaks, the initiation of interfacial
debonding is suppressed and the fiber fragmentation
is not saturated. When the interfacial debonding is
dominant, the fiber fragmentation is saturated. This
is because the stress recovery length becomes longer
as the interfacial debonding grows longer, while the
stress recovery length is little influenced by matrix

cracking, as demonstrated in our previous study [7].
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Fig. 4. Simulated results of fiber fragmentation

The simulated results are compared with
previous analytical models for fiber fragmentation in
Fig. 4. Hui e a. [2] presented a closed-form
solution for fiber fragmentation based on the
constant shear stress model. In cases where the
major damage caused by the fiber break isinterfacial
debonding, the parameter t in the constant shear
stress model, which was called ‘interfacial shear
strength’, can be chosen so as to be consistent with
the simulated results of fiber fragmentation.
However, this fitted value of the parameter 1 to
explain the fiber fragmentation is physically
meaningless. In other work, Okabe e al. [4]
proposed an dastoplastic shear-lag model
considering the effect of matrix hardening with no
interfacial debonding. The present simulation and a
Monte-Carlo simulation with the elastoplastic shear-
lag model are also compared in Fig. 4, for the case
where matrix cracking is the major damage around
fiber breaks. The fragmentation process calculated
with the present simulation agrees well with the
elastoplastic shear-lag model even at a high applied
strain.

Finally, Figure 4 reveals that the fiber
fragmentation obtained with the present model
agrees well with these theoretical models at a low
strain where the influence of the microscopic
damage around fiber breaks is negligible. Therefore,
these theoretical models are still useful for
estimating fiber strength distribution. In contrast, to
estimate the interfacial parameters, a careful analysis
on the fragmentation process and debonding growth
is necessary, because the influence of debonding
growth on fragmentation process is complicated.



4 Determination of Interface Properties from
SFC Tests

4.1 Procedure

The previous section demonstrated that our
numerical model reproduces the qualitative feature
of the microscopic damage near afiber break and the
fragmentation process by controlling the cohesive
parameters for the fiber/matrix interface. Therefore,
this model will be capable of quantifying the
interfacial properties based on SFC tests by
comparing the fragmentation process and debonding
growth between experiments and simulation.

Based on these results, we propose two types
of indicators to characterize the actual cohesive
parameters. One is defined based on the number of
fiber breaks as follows;

M _ )
€oreak :MLZ{Nf,sim(gf)_Nf,exp(gf)} (3)
f
where Ny, denotes the averaged debonding

length per unit fiber bresk measured at each
sampling strain ¢; in experiments, and N g,

denotes the averaged debonding length calculated
from the simulation. The other indicator is defined
based on the debonding length as follows;

1 & ~ 2
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edebond =

where I:d p denotes the averaged debonding length

per unit fiber break measured at each sampling strain
&4 In experiments, and L, i, denotes the averaged

debonding length cal culated from simulation.

The evaluation of interfacial parameters based
on Eg. (3) needs a great care, since the
fragmentation process is greatly influenced by the
statistical strength parameters of the embedded fiber
(see Eq. (1)). The previous section showed that the
results with simple shear-lag model for the
fragmentation process shows a similar initial rise in
the number of fiber breaks to that of the FEM
simulation for the same dtatistical strength
parameters for the embedded fiber. Therefore, the
present study uses Hui’s theoretical model for the
fragmentation process to pre-determine the fiber
strength parameters, by obtaining a quantitative fit to
the initial rise in the number of fiber breaks in
experimental results. Then the indicator of Eq. (3) is
compared based on the simulated results with the
same set of fiber strength parameters as interfacial
parameters are varied in the simulation. When the
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cohesive parameters are varied in the simulation,
two indicators (Egs. (3) and (4)) will come to be
near zero where the simulated results reproduce the
experimental results in terms of the fragmentation
process and debonding growth.

4.2 H1-Nicalon™ SiC Single-Fiber Composite

We estimate the interfacial properties for HI-
Nicalon™ SiC single-fiber epoxy composite based
on the proposed method, utilizing our experimental
results [3]. To summarize the results as cohesive
parameters are varied, an iso-error map is useful to
guantify the cohesive parameters of the fiber-matrix
interface. Figure 5 shows the isoerror map of e,

as interfacial parameters (T, mx, Giic) are varied. The
agreement between the simulated results and
experimental results is attained within the range of
ek < 0.03. Figure 6 compares the number of fiber
breaks between simulation and experiment in the
case of (T maw Giic)= (75 MPa, 200 Jm?).
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Figure 7 shows the typical simulated result in
the case of (T} ma Gie)= (75 MPa, 200 Jm?). The
figure illustrates that interfacial debonding is
initiated from each fiber break. Then the averaged
debonding length per unit fiber break is calculated
and the comparison between the simulation and
experiment is made in Fig. 8. The simulated results
agree well with the experiments within the range of
€aepong < 0.05 (MMP). The minimal point of the

isoerror map of ey,0,q 1S aound (Tijma, Giic)= (75
MPa, 200 Jm?), and this is almost consistent with
the case of e, in Fig. 5. In this way, the present

simulation can be used to quantify the interfacial
properties of fiber-reinforced composites.

4.3 T300 Carbon Single-Fiber Composite

This section attempts to estimate the interfacial
properties for T300 carbon singleffiber epoxy
composite based on the proposed method. From the
experimental results, the major damage near fiber
breaks is matrix cracking, and the growth of
interfacial debonding from a fiber break is hardly
observed at the breaking strains of SFC.

Figure 9 plots the isoerror map of
fragmentation process by comparing the experiment
and simulations. The debonding hardly grows as
seen in the experimental results within the range of
€aerong < 0.01 (Mm?). For example, the simulated
results of (Tii mas Giie) = (150 MPa, 300 Jn) in Fig.
10 yield the damage pattern dominated by matrix
cracking, which is similar to the experimental result
(Fig. 11). From these figures, the range of interfacial
parameters estimated from the comparison between
simulations and experiment is wide. This is because
the transition of the major damage around a fiber
break to matrix cracking, as seen in the experiment,
leads to the independency of the cohesive
parameters on microscopic damage process. In this
case, the exact quantification of interfacial
parameters is difficult, though it provides the

possible lower limit of interfacial parameters.
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5 Conclusions

We analyzed the fragmentation process in
single-fiber composites, using a cohesive zone
model. The evolution of microscopic damage near a
fiber break was investigated in detail. Then we
attempted to quantify the interface properties for HI-
Nicalon™ SiC fiber-epoxy and T300 carbon fiber-
epoxy composite systems. The conclusions are given
below.

(1) Cohesive parameters for the fiber-matrix
interface control the microscopic damage near a
fiber break. When the interface is weak, the mgjor
damage is debonding at the interface. In this case,
the number of fiber breaks tends to become saturated
as the applied stress increases. If the interface is
strong, the major damage is matrix cracking
emanating from a fiber break. In this case the
number of fiber breaks continues to increase with
increasing applied stress.

(2) The fragmentation process predicted by previous
analytical models (i.e. the constant shear stress
model [2] and the elastoplastic shear-lag mode [4])
agrees well with that of the present simulation at a
low applied strain where the microscopic damage
around afiber break is negligible.

(3) For HI-Nicalon™ SiC single-fiber epoxy
composite, where the major damage near a fiber
break is interfacial debonding, interface properties
were reasonably determined as (Tyimax, Giic)= (75
M Pa, 200 Jmv). For T300 carbon single-fiber epoxy
composite, we could not specify the unique
interfacial  properties, because any cohesive
parameters of the interface above the transition line
can reasonably explain the fragmentation process in
SFC. This difficulty is caused by the transition to the
damage pattern dominated by matrix cracking.
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