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ABSTRACT

Damage conditutive models based on micromechanicd formulation and combination of
micromechanica and macromechanica effects are presented to predict progressive damage in
digned and random fiber reinforced composites. To estimate the overall dastoplastic damage
reponses, an effective yidd criterion is derived based on the ensemble-volume averaging
process and the firg-order effects of eigendrains due to the existence of discontinuous fibers,
Progressive interfacid fiber debonding models are subsequently considered in accordance
with a ddidicd function to describe the varying probability of fiber debonding. Fird, an
effective eadoplagic conditutive damage modd for digned fiber reinforced compostes is
proposed. A micromechanical damage conditutive mode for two- and three-dimendond
random fiber reinforced compostes is then developed. Findly, the complete progressve
damage conditutive modd is implemented into finite element code DYNA3D to smulae the
dynamic indadgtic behavior and the progressve damage of the compodte dructures. This
dlows prediction of the mechanica response of large composite structures and eiminate the
need for expensve lage-scde experiments. The computationd capability dso plays a
dggnificant role in the optimizing the design of complex mechanicd sysems composed of
composite materias.

KEYWORDS. Micromechanicd damage conditutive modds, Elasoplagtic damage
responses, Random fiber reinforced composites, Finite-ement implementation



1. INTRODUCTION

The god to provide lighter-weight, more fud-efficient automobiles cepable of greater
crashworthiness provides an incentive for continued development of advanced maerids.
Carbon fiber composites, which are a new breed of high-strength materids, have attracted
worldwide and hold great promise, but are in general Sgnificantly more brittle compared with
other polymer compostes. Thus they ae used in composites with a lightweight matrix,
generdly an epoxy resn composgtes. It is wdl known that organic matrix fiber-reinforced
composites are very susceptible to impact damage, especidly a low velocities. Low veocity
impact can cause dgnificant damage in terms of ddlaminations and metrix cracks, which are
indde the composites. Such damage is very difficult to detect and may causes sgnificant
reduction in the drength and diffness of the materids Light-weight random carbon fiber
polymer matrix composte has the potentia to satisfy the requirements, and because of its
relaively low cog, it isastrong candidate for automobile gpplications.

In gened, traditiond continuum mechanics is based on the continuity, isotropy and
homogeneity of materids. It cannot directly solve the problem for heterogeneous composites,
snce, microscopicaly, fibers or paticles are present within the composites and have a
gonificant effect on the mechanicd properties of materids. Hence, micromechanics based
modes have been developed to solve the problem on a finer scde and to relate mechanics of
materias to ther microdructure. The derivation of the conditutive equations in form of a
phenomenologicd parameter modd from entirdy micromechanicd consderations cregtes a
basis of foundation for arigorous analysis of composite structures.

Recently, a micromechanicd analysis based on the modified Mori-Tangka method was
performed by Meraghi and Benzeggagh [1] to address the effect of matrix degradation and
interfacid debonding on diffness reduction in a random discontinuous-fiber composite. Ther
modeiing was developed through a methodology of experimentd identification of basic
damage mechanisms, which involves amplitude andyss of acoudic emisson and
microscopic  observations. Tohgo and Weng [2] and Zhao and Weng [34] proposed
progressive interfacid damage models for ductile matrix composites. They used Welbull [5]
probability didribution function to describe the probability of particle debonding. Mogt
recently, Ju and Lee [6] developed a micromechanica damage modd to predict the overdl
elagoplagtic behavior and damage evolution in ductile matrix compostes. In their derivation,
to edimate the overdl eagoplagtic-damage behavior, an effective yield criterion was derived
based on the ensemble-volume averaging procedure and the firg-order effects of eigendrains
semming from the existence of indusions.

Following the work of Zhao and Weng [3,4] and Ju and Lee [6], we first propose an effective
dagoplagic conditutive damage model for digned fiber reinforced compostes. A
micromechanicd damage conditutive model for three- and two- dimensond random fiber
reinforced compostes is then developed. The governing fidd equaions and overdl yidd
function for digned-fiber orientations are averaged overdl orientations to obtan the
conditutive relations and overdl yidd function of two- and three- dimensond random fiber
reinforced composites. In our derivation, fibers are assumed to be éadtic (prolate) spheroids



which are embedded in a ductile polymer matrix. Furthermore, the ductile matrix behaves
eadoplagticdly under arbitrary three-dimensgond loading/unioading higories. All fibers are
assumed to be nonrinteracting for dilute composte medium and initislly embedded firmly in
the matrix with perfect intefaces. After the interfacia debonding between fibers and the
matrix, these partidly debonded fibers are regarded as equivaent, transversdy isotropic
inclusons. It is worth mention that snce the scope of this work is to predict the overdl
damage behavior of composites globdly, the local microcrack propagation and void
nuclegtion a the interfaces are ignored in our derivation. However, it is possble to extend the
proposed damage modd to accommodate local damage evolution once new damage growth
modd and falure criterion ae developed based on rigorous experiments. Findly, the
complete progressve damaege conditutive mode is implemented into finite eement code
DYNA3D to gmulate the dynamic indagtic behavior and the progressve damage of the
composite structures.

2. OVERALL ELASTOPLASTIC BEHAVIOR OF COMPOSITES

2.1 Effective elastic moduli and eastoplastic behavior of composites with aligned
discontinuous fibers  Let us dat by conddering an initidly perfectly bonded two-phase
composite congging of a matrix (phase 0) with bulk modulus ko and shear modulus ng, and
digned discontinuous, randomly dispersed (prolate) spheroida fibers (phase 1) with bulk
modulus k1 and shear modulus m. When spheroidd inclusons (discontinuous fibers) are
digned in the 1-direction, the composite as a whole is transversdly isotropic. Subsequently, as
loadings or deformations are applied, some fibers are partidly debonded (phase 2), and these
patiadly debonded fibers ae regaded as equivdent, transversdy isotropic inclusions.
Following Zhao and Weng [4,5], a partidly debonded fiber can be replaced by an equivaent,
pefectly bonded fiber which possesses yet unknown transversdy isotropic moduli. The
transverse isotropy of the equivaent fiber can be determined in such a way that (9) its tensle
and shear dresses will dways vanish in the debonded direction, and (b) its stresses in the
bonded directions exigt, since the fiber is 4ill able to tranamit dresses to the matrix on the
bonded surfaces.

By the hdp of the exterior-point Eshdby’s tensor of an dlipsoidd incuson, the effective
dadtic diffness tensor of digned (in the x;-direction) can be explicitly derived as

(C*)ijkl = l_:iik'(il’iwis’imis’ie)
wherethe parameters i, ..., i, aregivenin Lee and Smunovic [7].

We now condder the overal eastoplastic responses of progressvely debonded fiber-
reinforced compodtes which initidly feature perfect interfacid bonding between fibers and
the matrix in two-phase compodtes. It is known that partid interfacia debonding may occur
in some fibers under applied loading. Therefore, an origind two-phase composite may
gradudly become a three-phase composite condgting of the matrix, perfectly bonded fibers
and patidly debonded fibers. In what follows, for smplicity, we will regard patidly
debonded fibers as equivalent, perfectly bonded transversely isotropic fibers. For smplicity,



the von Mises yidd criterion with isotropic hardening law is assumed here. Extenson of the
present framework to generd yidd criterion and generd hardening law, nevertheess, is
draightforward.

An effective yidd criterion is derived based on the ensemble-volume averaging process and
fird-order effects of eigendrans due to the exitence of spheroidad (prolate) fibers. The
effective yidd criterion, together with the assumed overdl associdive plagtic flow rule and
hardening law, conditutes the andyticd foundaion for the edimation of effective
elagoplagic behavior of ductile matrix compostes. By collecting and summing up dl the
current stress norm perturbations produced by any typica perfectly bonded fiber and any
typica partialy debonded fiber, and averaging over al posshle locations, the ensemble-
averaged current stress norm at any matrix point can be derived as

<H>_, (x)=s:T:s

where s isthe mecroscopic stress and the positive fourth-rank tensor T is defined as
-i_ 0 PTXT xP = i:ijk|(T1,Tz,T3,T4,T5,T5)

and the fourth-rank tensor P and the parameters T1,...Te ae given n Lee and Smunovic [7].

More detall of edadoplasc dress-drain rdationship for partidly debonded three-phase
aligned fiber reinforced composites can be found in Lee and Smunovic [7].

2.2 Effective elastic moduli and elastoplastic behavior of randomly oriented composites
Congder the composite models, in which spheroidd fibers with an aspect ratio of a (the ratio
of length to diameter) are uniformly dispersed and randomly oriented in two- or three-
dimensona space. The average process over al orientations upon governing conditutive
fidd equations is performed to obtain the conditutive rdations and the overdl yidd function
for randomly oriented composites.

The locd axes of an incluson are denoted by the primed coordinate system and te fixed or
materid axes by the unprimed one. With no loss in generdity, we let axis 1' be the symmetric
axis of the spheroid and 3' lie in the 2-3 plane. Denoting Qjj as the directiona cosine between
the i-th primed and j-th unprimed axes, we have

X' =[Qlx,
where the transformation matrix for two- and three-dimensiond orientation have the form of
¢0 cosg 9nqu

[Q”]:go -dnq coqu; for two-dimensiona orientation
g 0 04



éanganf cosq gnqcosf
[Q,] = gcosq anf -9nq cosg cosf ﬂ ;  for three-dimensond orientation
g cosf 0 -dnf

inwhich g is the angle between x; and x;' and f is the angle between x3 and x3'. Any second-
rank tensor, e.g., stress tensor, can be transformed as

Slij = QiijISkI

The symbols (¥*° and (}*° are used to define the two- and three-dimensiond orientationd
averaging process, respectively, as

(3 ° g P@dg
(3 ° Q@O P@.f)sin qdadf

where P(9) and P(qf) ae the probability dendty functions. In the specid case of uniformly
random orientation, we have P(q) =1/p and P(q,f) =1/(2p).

Accordingly, the conditutive reaions and overdl yidd function of two- and three
dimensona random fiber reinforced composites can be derived by peforming orientationd
averaging process over dl orientations upon the governing fidd equations and overdl yidd
function for aligned-fiber orientations given in Section 2.1.

3. EVOLUTIONARY INTERFACIAL DEBONDING

The progressive interfacid debonding may occur under increasing deformations and influence
the overdl dressdran behavior of randomly oriented, discontinuous fiber reinforced
composites. After the interfacia debonding between fibers and the matrix, the debonded
fibers lose the load-carrying capacity in the debonded direction and are regarded as patidly
debonded fibers. Within the context of the firg-order (noninteracting) approximation, the
dresses indde fibers should be uniform. For convenience, following Zhao and Weng [3/4], we
employ the average internd dtresses of fibers as the contralling factor. The probability of
patid debonding is modded as a two-parameter Weibull process, see Ju and Lee [6].
Assuming that the Waelbull datisics governs, we can express the cumulative probability
digribution function of fiber debonding (damage), Py, @ the leved of hydrodatic tendle stress
as.
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where (sp)1 is the hydrogatic tendle stress of the fibers, the subscript denotes the fiber phase,
and S and M are the Weibull parameters.

4. FINITE ELEMENT IMPLEMENTATION FOR CRUSH SIMULATION

Impact amulation requires very smal time step and thus the developed damage modds are
implemented into explicit finite dement code DYNA3D to smulate the dynamic indadtic
behavior and the progressve damage of the composite materids. Furthermore, the smulation
will be used for smulation of drop tower tests of tubular random fiber composite components.
The test will be peformed by Automotive Composites Consortium (ACC) and be provided
for comparison with the smulaion modds.

The methodology used in this work is based on the wdl-known drain-driven agorithm in
which the dress higory is to be uniqudy determined by the given dran hisory mainly
because of its computationa efficiency in the framework of explicit time integration program
DYNA3D. The two-gep operator splitting methodology is dso adopted here to split the
elastoplastic loading process into the eagtic predictor and the plastic corrector. More detall of
dran driven dgorithm, micromechanicd iterative dgorithm for the progressve damage
mode and 3-D return mapping agorithm can be seen by Ju and Lee [6].

The authors are currently working on the implementation of the proposed damage modds into
DYNA3D and will show the dynamic indadic behavior and progressve crushing in
compodite structures under impact loading in our presentation.

5. EXPERIMENTAL COMPARISONS AND NUMERICAL
SIMULATIONS

In order to assess the vdidity of the proposed micromechanicd framework, we now compare
our andyticd predictions with bounds based on Hapin-Tsa micromechanics eguations
(Hapin and Kardos, [8]). One of the advantages of the Hdpin-Tsa equations is that they
cover both the particulate reinforced case (fiber aspect ratio=unity, lower bound) and the
continuous fiber case (fiber aspect ratio=infinity, upper bound). Indeed, one can
mathemdticaly express the equation limits as the rule of mixtures for continuous fibers and
modified Kerner equation for spherical reinforcement. We will condgder the following
condituent eagtic properties for carbon fiber polymer matrix composites. Eq=3GPa, n=0.35,
E1=380GPa and m=0.25. Figure 1 shows the predicted effective (normalized) Young's moduli
in the fiber direction E/Ep; of digned fiber reinforced compostes a various fiber volume
fractions 1. We plot the theoreticad predictions in Figure 1 based on Hapin-Tsa's bounds and
the proposed method with various fiber aspect ratios. Clearly, our andyticd predictions are
wel within the Hapin-Tsai's bounds.



We further compare our prediction with the experimentd data provided by Mergahni and
Benzeggagh [1] for three-dimengona random fiber compostes in Figures 3 and 4. Since our
formulation does not condder inter-fiber interaction, the dress-srain curve for the present
prediction is lower than that based on experiment in early stage. As the drain increases, the
effect of damage becomes dominant. The dress-strain curves corresponding to the present
prediction and the experiment will intersect each other, because the proposed damage
conditutive modd includes the interfacid debonding only. Therefore, it is concluded that the
interaction effect among condituents must be consgdered in modding damage behavior of
composites for moderately and extremely high fiber volume fraction. Furthermore, damege
mechanisms, such as matrix cracking, void nuclegtion, etc., must be included in our damege
condiitutive modds to offer more redigic damage predictions. Findly, the present mode
does not account for other damage mechanisms nor impact snce these effects are beyond the
scope of the present stage of this research. In spite of these limitations, the agreement between
the present predictions and experiments is encouraging for possble use of the proposed
damage congtitutive models for predicting the progressive damage in composite structures.
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Figure 1. The comparison between the proposed predictions with various
fiber aspect ratios and Halpin-Tsal's bounds for effective Young's
modulus in the fiber direction vs. fiber volume fraction.
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Figure 2. Effect of the shape of fibers on the overall uniaxial elastoplastic

behavior of aligned fiber reinforced composites.
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Figure 4. The comparizon between the present prediction and
experimental data (Meraghni and Benzeggagh, 1995) for overall
uniaxial tensile responses of randomly oriented discontinuous
fiber composites at initial fiber volume fraction of 0.5,
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Figure 5. The predicted evolution of debonded fiber volume
fraction versus strain corresponding to Figure 3.



