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Abstract

A finite element micromechanical study of unidirectional carbon-epoxy sys-

tem is performed in order to investigate the role of fiber-matrix debonding in

the degradation of mechanical properties and in the onset of failure for this

class of composite materials.

The presence of interphase flaws, that can be induced during the manufac-

turing processes, into micro-scale FE models is obtained by means of an

original damage injection technique developed by the authors. The fibers are

considered as transversally isotropic solids and the matrix is modeled as an

isotropic, elasto-plastic, material with damage.

The effect of fiber-matrix debonding is analyzed by means of a quasi 3-D uni-

tary cell with a single fiber, with periodic boundary conditions, for different

loading cases. Subsequently, multi-fiber representative volume elements are

investigated with the same boundary and loading conditions. Finally, the

effect of a 3-D debonding propagation is studied via single fiber model with

an increased fiber-wise depth.
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1. Introduction

The last few years have seen a considerable increase in the use of man-

ufacturing processes for composite structures based on dry fiber pre-forms

and different resin injection technologies (Liquid resin infusion, resin transfer

moulding and variants). While promising a number of advantages in terms of

costs and flexibility of production, such manufacturing technologies are prone

to increase the density of micro-defects when compared to conventional pre-

preg based composited.

Such defects mainly occur in form of voids in the matrix and of decohesions

between the matrix and the fibers.

The effect of voids into the polymeric matrix in terms of degradation of the

composite mechanical properties has been widely studied [1, 2] while the con-

sequences of fiber matrix inter-facial decohesions are still an open issue that

is receiving a great attention from the scientific community [3, 4, 5, 6, 7].

Computational micromechanics on appropriate volumes of material can be

advantageously used to understand how interfacial defects may grow and pos-

sibly cause matrix damage to initiate and to evolve under different loading

scenarios. Homogenization techniques can be then applied in order to calcu-

late the resulting strength of the material from the solution at the micro-scale

[8].

In order to have a good model of a fibrous composite at the micro-scale,

by which fiber-matrix debonding propagation, matrix damage onset and,
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ultimately, material failure can be studied, the following problems must be

addressed:

• Accurately reproducing the distribution of fibers, with representative

randomness, in micro-scale models at high fiber volume fractions [9,

10, 11].

• Adequately modeling the mechanical behavior of the constituents [12,

3, 13, 14]

• Allowing damage onset and propagation into the matrix [11, 15].

• Modeling the propagation of fiber-matrix decohesion [5, 6, 16, 15].

• Introducing distributions of discrete fiber-matrix decohesions to repre-

sent appropriately possible interfacial defects.

If one want to address the influence of fiber-matrix interphase defects on the

mechanical properties of an unidirectional Carbon/Epoxy material, the last

point is critical and has not yet been addressed in the literature. The paper

presents a possible approach based on user tailored cohesive elements, that

model the fiber-matrix interface, whose damage can be initialized through

an original technique developed by the authors for meso-scale analyses [17].

A study is presented, based on micro-mechanical analyses, that aims at eval-

uating the influence of the position, extension, shape and number of defects

on the mechanical properties of an UD composite. The analyses are carried

out on FE models created, within the commercial software ABAQUS, using

python scripting. Through scripting RVE models, with random distributions

of fibers, are generated and periodic boundary conditions (PBCs) imposed
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in order to reproduce different loading scenarios (Section 2). The fibers are

assumed to behave as a linearly elastic transversely-isotropic material while

the matrix is modeled to have a non-linear pressure-dependent elasto-plastic

behavior (Section 3).

Constitutive equations for both the matrix and interfaces are defined via

user material subroutines (UMAT) while the interface initialization is im-

plemented through a specific subroutine (SDVINI), which defines the initial

state-variable field (Section 4).

Since the damage initialization technique has been developed at larger scales,

the technique is verified, in the linearly elastic regime, on simple single-fiber

models whose results are compared with those of standard FE models in

which the fiber is physically detached from the matrix (Section 5).

Low depth fiber-wise models (single fiber and RVE) are created in order to

identify the degradation of the transverse properties in presence of quasi 3-D

defects, that is long fiber-matrix decohesions characteristic of problematic

manufacturing processes (Sections 6 and 7).

Eventually, fiber-wise deep models are developed in section 8 to study the

propagation of small, localized, interfacial defects.

2. Micromechanical model development

In order to generate micro-mechanical models capable of reproducing the

mechanical behavior of an unidirectional composite material many aspects

have to been taken into account: an algorithm is developed to reproduce

fiber distributions with appropriate spatial statistics within a given volume

of material, a micro-scale FE model of such volume is created and specific
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periodic boundary conditions are applied, finally scripts are developed to

extract homogenized stress response from the stress field calculated by the

FE analyses.

2.1. The algorithm for fiber distribution generation

In order to create models with a microstructure as similar as possible to

the one of unidirectional carbon/epoxy composites, the authors developed

an algorithm for the generation of fiber distributions inspired to the work of

Yang and coworkers [10]. The proposed algorithm is able to produce models

with square cross section of any size, volume fraction, and fiber clustering.

Given a square domain D of side l, the algorithm places the first fiber, of

radius rf , in a random position inside D, then it starts trying to place fibers

in a circular crown sub-domain C that surround the first fiber, until the sub-

domain is saturated. Subsequently, the algorithm considers the second fiber

it generated as the center for a new circular crown to be filled with fibers. The

procedure is repeated until the required fiber volume fraction is reached. Fig.

1 provides a graphical representation of the first step of the algorithm. The

circular crown domain C is defined by two parameters rmin and rmax. The

first, rmin, identifies the internal radius of the crown and fixes the minimum

distance that can exist between two fibers defined as ∆min = rmin− 2rf ; the

latter can be defined experimentally by optical analyses of composite micro-

structures. The maximum radius of the crown, rmax, is a function of the

required volume fraction and it influences the clustering of the fibers that

is typical of the process use to manufacture the composite material. Other

values required by the algorithm are the desired volume fraction (Vf ), and

the size of the cross section specified via the parameter δ = l/rf .
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Figure 1: Fiber placement sequence for RVE generation

Fig. 2 shows different distributions of fibers generated at constant cross-

section size (δ = 10) and with different volume fraction. We observe that

the developed algorithm ensures the condition of material periodicity, which,

as shown in the work of Gitman et al.[9], has a great importance for the

stability of the global response of micro-mechanical simulations.

2.2. FE model development and homogenization of the results

In order to create the 3D FEM models the authors have developed an

ABAQUS Python script [18] capable of generating FE models from a given

fiber distribution and once the fiber-wise depth of the model is defined. Fi-

nite element models are created via an orphan mesh technique with pre-
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(a) Vf = 40% (b) Vf = 50% (c) Vf = 60%

Figure 2: Examples of fiber distributions for rf = 3.5µm at δ = 10 and different volume

fractions

dominantly first order hexahedral elements (C3D8)1 and first order cohesive

elements (COH3D8) that model the inter-phase between the fiber and the

matrix.

Both solid and cohesive elements have user material properties defined ac-

cording to constitutive models described in section 3.

Periodic boundary conditions (PBCs) have been applied to the models in

order to ensure a macroscopically uniform stress-strain field as described in

Barbero [19] and Melro et al. [15].

Stress-strain curves in the different analyses are obtained using an homoge-

nization procedure for the stress according to equation 1:

σ̄ =
1

V

NP∑
P=1

VP σ (XP ) (1)

where σ̄ is the homogenized stress tensor, V is the RVE volume, σ (XP ) is

the stress tensor at the integration point P of coordinates XP and with a

1Due to the complex geometry a few wedge elements (C3D6) are usually present in the

models.
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E1[Gpa] E2[Gpa] G12[Gpa] ν12[−] ν23[−]

225. 15. 15. 0.2 0.2

Table 1: Carbon fibre elastic properties

relevant volume VP .

3. Advanced modeling of constituent properties

Once defined the model geometry, another important aspect that must

be considered in order to obtain a micro-mechanical model capable of repro-

ducing the physical behavior of the material is the correct definition of the

mechanical behavior of the two main constituents: the carbon fibers and the

epoxy matrix.

3.1. Transversally isotropic carbon fibers

Carbon fibers are assumed to behave as a transversally isotropic linearly

elastic solids. The values of the five independent constants that characterize

the AS4 carbon fibers considered in the study are taken from [20] and are

reported in Table 1.

3.2. Elasto-plastic damage model for the polymeric matrix

The epoxy matrix is assumed to be an isotropic elasto-plastic solid with

isotropic damage. Consequently, the relation between the stress tensor (σ)

and the elastic strain tensor (εe) is defined using the equation proposed by

Simo et al. in [21]:

σ = (1− d)C : εe (2)
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For an elasto-plastic solid equation 2 can be specified as:

σ = (1− d)C : (ε− εpl) (3)

where d is the damage variable, C is the fourth-order elasticity tensor, ε is

the total deformation tensor and εpl is the plastic deformation tensor.

Since this class of material exhibits a yield behavior that is sensitive to hy-

drostatic stress as shown by Raghava et al. [22], Fiedler et al. [12] and many

other authors, classical Von-Mises or Tresca yield criteria are not adequate.

For this reason a modified Von-Mises yield criterion is used with a non asso-

ciative flow rule as proposed by Melro et al. [11]. The yield condition, in the

space of principal stresses, is represented by a paraboloidal; the latter can be

conveniently expressed using the stress tensor invariants as:

Φ(σ, σyc, σyt) = 6J2 + 2I1(σyc − σyt)− σytσyc = 0 (4)

where J2 = 1/2(σdev : σdev) is the second invariant of deviatoric stress tensor

σdev, I1 = tr(σ) is the first invariant of the stress tensor. Symbols σyt and

σyc indicate the tensile and compressive yielding stress respectively and are

both function of the equivalent plastic strain defined as:

−
εpl =

√
1

1 + 2ν2pl
εpl : εpl (5)

Given that plastic behavior of epoxies can not be captured with an associative

model,the following non-associative flow rule is introduced:

g(σ) = σ2
vm + αp2 (6)

where σvm =
√

3J2 is the Von-Mises equivalent stress, p = I1/3 is the hydro-

static pressure and α is the material parameter responsible for the correct
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definition of the volumetric component of the plastic flow that is given by:

α =
9

2

1− 2νpl
1 + νpl

(7)

Only isotropic hardening has been taken into account and exponential hard-

ening laws are used in order to reproduce both tensile and compressive be-

havior of the resin; the shear response is obtained as a result.

A failure surface has been defined that activate the isotropic damage model

with an exponential softening law. In order to mitigate the mesh dependency

due to softening, the damage model is implemented with a characteristic

length correction derived from Bažant crack band theory [23]. The equation

that define the damage surface within the space of principal stresses is:

6J2
σftσfc

+
2I1(σfc − σft)

σftσfc
− 1 = 0 (8)

The exponential damage evolution law is given in the equation (9):

d = 1− eA(3−
√
7+2r2)

√
7 + 2r − 2

(9)

where A is the parameter responsible for the energy release rate, correlated

with the element size, and r is the damage internal variable. Table 2 summa-

rizes the matrix properties used in the following analyses; they are derived

from the experimental results obtained by by Fielder et al. [12].

Symbols in Table 2 are defined as follows: σyt0 and σyc0 are the tension

and compression yield stresses, σft and σfc are the tension and compression

failure stresses, νpl is the plastic Poisson’s ratio and G is the Mode I fracture

toughness. Fig 3 shows the matrix stress-strain curves for uniaxial tension,

compression and pure shear, respectively.
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Property Value

E 3760. [Mpa]

ν 0.39 [−]

σyt0 29. [Mpa]

σft 93. [Mpa]

σyc0 40. [Mpa]

σfc 159.8 [Mpa]

νpl 0.3 [−]

G 0.09 [J/m2]

Table 2: Epoxy resin properties

Figure 3: Stress-strain curves for epoxy resin under different loading condition
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4. Inter-phase modeling

Key point of the following analyses is the characterization of the fiber-

matrix inter-phase that include both the capability of make decohesion prop-

agates and the possibility to modify the initial properties of this phase in

order reproduce the possible presence of micro-defects induced during the

curing process.

4.1. Cohesive elements for the inter-phase modeling

In order to satisfy all this requirement and given the small thickness of

the inter-phase respect to fiber and matrix dimension the authors propose

to model this critical zone with 3-D cohesive elements (COH3D8) governed

with a traction separation constitutive behavior. The elements kinematic

is managed by ABAQUS while their constitutive equation is governed via

an user-material subroutine (UMAT). Thanks to this approach, in fact, is

possible both to have a full control over the material behavior and to initialize

its state variables according to the technique that will be explained in the

following section.

Cohesive elements, assumed with a constant thickness of 0.01µm, are oriented

as reported in Fig. 4 where the normal direction, n, is radial from the

center of each fiber; the th shear direction is the hoop direction and tl is

longitudinally parallel to the fibre direction.

The main features of the cohesive constitutive model are briefly presented

in this section, further details can be found in [24] and [18]. The cohesives
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Figure 4: Orientation of cohesive elements

governing equation is given by:

τ =


τn

τs

τt

 = (1− di)k


δn

δs

δt

− dik


< δn >

0

0

 (10)

where τ and δ are respectively the tension vector and the nodal displace-

ment vector where the subscripts of their components correspond to the

three fracture modes: opening (n), shearing (s) and tearing (t) mode while

the term into Macauley brackets < . > is used to neglect negative values of

δn since contact between debonded surfaces prevents inter-penetration. kn

instead, is the element penalty stiffnesses for the three opening mode and

di is the inter-phase damage variable. Damage onset is predicted by means

of a quadratic criterion, with the further assumption of equal shearing and
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tearing strengths (i.e. τ 0s = τ 0t = τ 0shear):(
< τn >

τ 0n

)2

+

(
τshear
τ 0shear

)2

= 1 (11)

with τshear =
√

(τs)2 + (τt)2. Damage evolution is governed by a linear,energy-

based, damage evolution law where the mode mixity is taken into account

using the BenzeggaghKenane (BK) criterion [25].

Gc = Gc
n + (Gc

shear −Gc
n)(B)η (12)

Where Gc is the mixed mode fracture energy that with the subscript n and

shear it refers respectively to opening and shearing fracture energy while η

in the BK exponent and B, the mode-mixity ratio, is defined as:

B =
Gshear

Gn +Gshear

(13)

Numerical values used in the following analyses, derived from [16] and [26],

are reported in Tab. 3.

4.2. Inter-phase damage injection technique

The presence of defects into the fiber-matrix inter-phase is introduce into

the models using an ad hoc technique developed by the authors [17]. The

proposed method is based on the ABAQUS subroutine SDVINI, which can

be invoked before the first increment of the simulations in order to define

the initial values of internal state variables (STATEV) present into the user

defined material subroutines (UMAT). This approach, developed for the in-

jection of delaminations into flat composite laminates, has been enriched and

appropriately modified in order to be applied into more complex domains.
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Property Values

K 500. [Gpa/mm]

τn 85. [Mpa]

τs 125. [Mpa]

τt 125. [Mpa]

Gn 10. [J/m2]

Gs 25. [J/m2]

Gt 25. [J/m2]

η 1.0 [−]

Table 3: Inter-phase properties

In the case of the ”quasi 3-D” single fiber model the algorithm can introduce

one, or multiple, debonded zones into the inter-phase layer by using only

a few parameters, the debonding extension angle α and its position angle

θ that identifies the center of the injected defect as shown in Fig. 5 for a

more complex geometry. The number of parameters increases in the case of

complete 3-D models where even the initial position along the fiber direction

z0 and the depth tz of the decohesion are required.

Moreover in multi-fiber models, in order to reproduce a more realistic

presence of defects induced by a manufacturing process, an increased statis-

tical variability of the technique is required. In particular, in this case, it

is possible to identify two important variables, the fiber-matrix decohesion

density D% and the decohesions distribution position DPDF . The first one,
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Figure 5: Detail of fiber injection procedure

strictly correlated with the quality of manufacturing process, can be defined

as:

D% =
Aidam
AiTOT

(14)

where Aidam defines the area of inter-phase elements that are damaged

while AiTOT
is the total area of inter-phase elements that are present into the

model. The other variables introduces a variability component into the mod-

els with DPDF , in fact it is possible to use different statistical distributions

(Uniform, Normal, Weibull, ...) in order to affect both the orientation and

the mean size of injected defects taking into account the effect of a possible

directionality on defects induced by the process as can be observed in Fig.

6.

The present algorithm in order takes into account for the injection process
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(a) Uniform, D%=0.025 (b) Uniform, D%=0.05 (1) (c) Uniform, D%=0.1

(d) Discrete,D%=0.05 (e) Uniform, D%=0.05(2) (f) Normal, D%=0.05

Figure 6: Inter-phase damage distributions
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only the fibers that are completely inside the RVE domain in order to not

enhance damage localization effect at the boundary of the model. In the RVE

model that will be used in the following analyses D% will be set to 0.05 but

in a more general case it is possible to correlate this value with the typical

defects density of manufacturing processes.

5. Technique verification by means of elastic models

Since the initialization technique has been developed at larger scales for

flat geometries, simple single-fiber models are created to be compared with

standard FE models in which the fiber is physically detached from the ma-

trix. This preliminary verification, developed into the linear elastic regime,

has been done in order to obtain the two-fold objective of verifying this tech-

nique in micromechanical models and studying the sensitivity of composite

material to flaws in terms of stiffness reduction. For this analyses three dif-

ferent boundary conditions, imposed via PBC, were investigated: transverse

tension, pure transverse shear and pure in-plane shear. Defects are intro-

duced as a couple of symmetric flaws with variable amplitude whose position

angle is respectively of
−
θ and

−
θ + 180◦ in order to preserve models symme-

try.
−
θ = [0◦, 45◦, 90◦] are chosen for transverse tension and plane shear while

−
θ = [45◦, 90◦, 135◦] are selected for transverse shear case. In order to com-

prehend how flaws affect the composite material stiffness various relevant

extension angle are investigated [15◦, 30◦, 45◦, 60◦, 90◦] and the results com-

pared respect to the pristine model. The comparison between the cohesive

injected models and the physical flaw models in terms of stiffness variation

for the three considered defects positions are reported in Fig. 7 for each
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loading conditions.

As can be seen from the figure above, the maximum difference among

the two approaches in terms of stiffness values is obtained in the plane shear

conditions for a defect with α = 45◦ and θ = 0◦. Since this difference is lower

then 5% and in the other loading conditions ite is always lower then 1% it is

possible to use the new approach in order to model inter-phase decohesions

into more complex micromechanical analyses.

6. Results for a quasi 3-D single fiber models

Checked the validity to inject decohesions in models for linear elastic

analyses the investigation of composite failure is carried out with several

models. In a first instance a series of single fiber models with a single defect

of fixed amplitude (α = 15◦) are created. In order to cover almost all possible

debonding positions, the flaw is introduced in a specific position: θ = 0◦ for

transverse tension and pure in-plane shear and θ = 45◦ for pure transverse

shear; the flaw is moved with a pitch of 10◦ up to 90◦ for the first two cases

and up to 135◦ for transverse shear. From these analyses it has been possible

to highlight how the two failure mechanisms, fiber-matrix decohesions and

matrix plasticity, evolve together till composite failure. The models with a

fixed Vf of 30% are obtained with a python script and their size is approxima-

tively of 8000 elements with 7000 C3D8, 150 C3D6 and circa 200 COH3D8

cohesive elements

From the analyses emerged that changes in loading condition strongly affect

the influence of fiber-matrix inter-phase into the global composite behavior.

In particular, in the case of transverse tension, the presence of an inter-phase
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(a) Transverse tension (b) In-plane shear

(c) Transverse shear

Figure 7: Stiffness reduction due to inter-phase debonding

20



decohesion can reduce the material strength of more than 60% as reported

in 8(a). As it is possible to see from Fig. 9(a), the maximum degradation

of the composite mechanical properties appears when the decohesion is posi-

tioned at θ = 10◦ because the crack tip is orthogonal with the direction of the

greater principal stress while in the case of θ > 70◦ the presence of the flaw

is almost irrelevant. An interesting thing to observe is that when θ > 70◦

the inter-phase decohesion does not propagate from the damaged zone but a

new crack arise in the zone of the inter-phase that is more stressed in terms

opening tension (θ = 10◦) as seen in Fig. 9(b).

Plane shear models exhibit a more elasto-plastic behavior and the maximum

reduction in terms of strength occurs when the defects is initialized at θ = 0◦

while its effect tends to vanish if θ > 50◦ as shown in Fig. 9(a).

In the last boundary condition all the curves exhibit a large plastic defor-

mation and the failure stress is quite similar for all the position of the flaws.

In this case, unlike the previous analyses, it is possible to observe that for

small strains a first interphase decohesion occurs and after that large plastic

deformation takes place as highlited in Fig. 8(c).

7. Results for quasi 3-D multifiber RVEs

The effect of fiber-matrix decohesions injection into a more complex ge-

ometrical scenario is reported in this section; in particular the multi-fiber

RVE presented in Fig. 6 with a volume fraction of 0.5 are generated and for

each previously investigated loading conditions four analyses are performed

at the same damage density (D% = 0.05). The models are meshed with circa

80000 elements with almost a 90% of eight node brick (C3D8) elements while
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(a) Transverse tension (b) In-plane shear (c) Transverse shear

Figure 8: Stress-strain behavior for different defect positions

22



(a) First decohesion strain (b) Evolution of interfacial decohe-

sion and of matrix equivalent plastic

strain (SDV8)

Figure 9: First interface decohesion
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less then 5% six node wedge (C3D6) are used as filler and the inter-phase re-

gions are meshed with COH3D8 cohesive elements. The analyses consist of:

a first analysis in which the inter-phases are considered all perfectly bonded,

a second one with an uniform distribution for the defect opening angle and a

normal distribution for the position angle (with the mean value defined as the

most effective position, obtained from the previous analyses), and two other

models created with defects randomly initialized. Results are compared in

terms of stress-strain behavior and crack path evolution.

In the case of transverse tension the analyses highlight that the presence of

fiber-matrix injected debonding can strongly affect the onset of mechanical

degradation, as reported in Fig. 10(a), with a reduction of the composite

strength of 50%.

For Transverse tension condition the quasi 3-D multifiber models have

been particularly sensitive to the presence of a crack at θ = 10◦. At the

same time models that exhibit a large number of early fiber-matrix debond-

ings (Model-2 and Worst-case) tend to have a more ductile behavior up to

failure.

For the in-plane shear PBC the presence of damage into the inter-phase

seems not affecting the solution; in fact from the stress-strain curves of Fig.

11(a) is possible to deduce that final failure is dominated by matrix prop-

erties. For this loading condition, as shown in Fig. 11(b), the crack path

originates from the failure condition of the plasticized matrix and vertically

crack propagates up to failure; the decohesion in this case has the only effect

of a little anticipation of matrix plasticity and cracking but no evident effect

is highlighted.
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(a) Homogenized stress vs. strain curves (b) Equivalent plastic strain (SDV8) and damage evolution

for worst case analysis

Figure 10: RVE stress-strain behavior in transverse tension
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(a) Homogenized stress vs. strain curves (b) Equivalent plastic strain (SDV8) and damage evolution

for worst-case analysis

Figure 11: RVE stress-strain behavior in in-plane shear
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Figure 12: [Homogenized stress vs. strain curves in transverse shear

Under the loading condition of transverse shear the presence of multiple

interface defects produces: at small strain, a weak reduction of the mechan-

ical performances while, at higher deformation, it anticipates the material

final failure as shown in Fig. 12.

This phenomenon is due to the strong affection of defects onto the dam-

age path propagation in the RVE, as highlighted in Fig. 13. The analyses

revealed that, while in the pristine model, as illustrated in Fig. 13(a), matrix

cracking appears on a 45◦paths, orthogonal to the first principal stress pro-

ducing a soft and progressive composite degradation up to the final failure.

In the worst-case analysis 13(b) the presence of multiple defects into the most

effect position (θ = 90◦) induces the crack path growing horizontally with a

complete separation of the RVE with the resulting failure
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(a) No-damage injected analysis (b) Worst-case defects injection analysis

Figure 13: Equivalent plastic strain (SDV8) and damage evolution
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8. Results for 3-D single fiber models

Previous models provided a wide vision of how the presence of fiber-

matrix debondings can affect the mechanical behavior of unidirectional com-

posites but they are not capable of predicting the propagation of defects along

the fiber direction. In order to have a deep insight even into this aspect of

inter-phase debonding, models with an increased length along the fiber di-

rection are generated and the defects are injected into the middle of their

length. In this preliminary investigation only single fiber models as those

seen in Sec. 6 are analyzed and the same boundary condition introduced.

Models have been injected with a decohesion angle α of 15◦ and an almost

square matrix-fiber decohesion is itroduced into the position that was re-

tained most affective from previous analyses. In transverse tension condition

the debonding has been injected in the position of θ = 10◦ and the evolution

of the flaw till material failure is reported in Fig. 14.

With the application of the load it is possible to observe that the debond-

ing starts propagating both circumferentially and axially producing a circular

decohesion; reached a certain angle the flaw stops growing along the circular

direction but it continues evolving along the fiber direction. Reached this

condition the model tends to have almost the same behavior of the ”quasi

3D” case and matrix breaking starts up to final failure. A bit different is the

case of in-plane shear as illustrated in Fig. 15. With the application of this

boundary condition the crack starts propagating along the fiber direction

without circumferential growing and plastic deformation appears around its

tips; increasing the load the debonded zone continues the propagation in the

same direction till reaches the front face of the model and then appears on
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(a) Homogenized stress vs. strain curves (b) Equivalent plastic strain (SDV8) and evolution of the interfa-

cial damage (SDV35)

Figure 14: Single fiber deep model results in transverse traction
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(a) Homogenized stress vs. strain curves (b) Equivalent plastic strain (SDV8) and evolution of the interfa-

cial damage (SDV35)

Figure 15: Single fiber deep model results in in-plane shear
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its back face. After that the decohesion realizes a through-wall flaws and

the plastic zone starts propagatin circumferentially untill the matrix crack-

ing begins. Of particular interest is the case of transverse shear loading in

which the inter-phase decohesion is introduced into the most critical position

in terms of stiffness reduction (θ = 90◦). Applying the PBC the defect starts

propagating almost symmetrically only along the circumferential direction;

after this early stage the defect tends to propagate faster towards the side of

positive principal stress θ = 45◦. This effect is due to the fact that the prin-

cipal stress of traction tends to make the decohesion front accelerate while

on the other side, θ = 135◦, the compression principal stress do not affect the

crack evolution that results slower in propagating. Reached the position of

θ = 45◦, the tensioned branch starts propagating both circumferentially and

along the fiber direction. At this point, as illustrated, in Fig. 16, the plastic

deformation of the matrix manifestly occurs up to the material failure.

9. Conclusion

The paper presented the results of a study about the effect of fiber-matrix

interphase defects on the mechanical properties of an UD composite. FE

analyses have been carried out on micro-scale models in order to asses the

influence of the position, extension, shape and number of the interfacial de-

fects.

The study was conducted thanks to the adoption of an original damage injec-

tion technique for cohesive elements developed by the authors for meso-scale

applications.

This innovative approach to initialize interfacial damage at the micro-scale
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(a) Homogenized stress vs. strain curves (b) Equivalent plastic strain (SDV8) and evolution of the interfa-

cial damage (SDV35

Figure 16: Single fiber deep model results in transverse shear
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has been verified on single-fiber elastic models. The model with injected fiber-

matrix de-bonding produced results that closely matched those obtained by

means of standard FE models incorporating physical cracks.

The analyses carried out on low-depth single fiber models, with a elasto-

plastic damageable matrix, showed that an high sensitivity of the results

exist to the position of the interfacial decohesion especially for the trans-

verse tension case.

Multi-fibers models confirmed single fiber results highlighting a softening in

the stress-strain response that can be attributed mainly to interface and

matrix damage for transverse tension while matrix plasticity is the main re-

sponsible for the in-plane shear load case; more complex is the transverse

shear case where the presence of interfacial decohesion can strongly affect

the crack path.

The deep 3-D model allowed studying the propagation of small interface

bonding defects The results showed that the defect propagates both circum-

ferentially and axially with different ratios depending on the load case. Gen-

erally, the stress-strain response was less affected by the interfacial damage

wen compared to its quasi 3-D counterpart thus resulting in a more ductile

behavior.

Ultimately, the results presented in the paper contribute to disclose the role

played by the presence and the propagation of fiber-matrix interface defects

in degrading the stiffness and strength of unidirectional plies of carbon/epoxy

composites.
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