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ABSTRACT

MODE | AND MODE Il INTERLAMINAR FRACTURE TOUGHNESS SIMULATION OF
UNIDIRECTIONAL AND QUASI-THREE-DIMENSIONAL COMPOSITES

By
Xinyu Mao
Fiber reinforced polymer (FRP) composite materials are widely used in automotive and aerospace
industries. The traditional FRP composites have a laminated construction in which layers are
reinforced with fibers in unidirectional (UD) or fabric forms. Such materials possess good
mechanical properties in-plane but relatively weak in the through-thickness direction. Due to their
low interlaminar strength, composites are prone to delamination. The quasi-three-dimensional
(Q3D) composite are designed to improve the interlaminar strength. In this work, the Q3D
composite is made by a special braiding process in which the bias tows are braided into adjacent
layers. Contrary to the conventional composites in which plies are bonded by the polymer matrix
only, the plies of Q3D composites are bridged by fiber tows. As a higher load is required to break
the bridging tows for crack growth, the delamination resistance will increase. This has been proven

by interlaminar fracture experiments under Mode | and Mode Il conditions.

This thesis is focused on numerical simulations of UD and Q3D composites under Mode | and
Mode Il loadings. This investigation is needed for the development of simulation methods for

crash safety simulations of Q3D composite structures in automotive applications.

In this work, the interlaminar delamination was modeled with cohesive elements. Both the Bilinear

and Trilinear Cohesive Zone Models (CZM) were investigated. The CZM parameters were



determined from the Mode | and Mode 11 fracture toughness values measured in experiments. The

simulations were performed using explicit finite element (FE) code LS-DYNA.

It was observed that in Mode | simulations, the Bilinear CZM predicted a stable crack growth,
which agreed with the experimental observation. On the other hand, the Trilinear CZM predicted
a relatively unstable crack growth. In Mode Il experiment with an end-notched flexural (ENF)
configuration, the delamination tends to be unstable. This behavior was better predicted with the

Trilinear CZM.

In FE models for Q3D composite, the cohesive elements were assigned with two sets of CZM
parameters. The first set of parameters was the same as that for the UD model. The second set with
higher facture toughness values was assigned to the cohesive elements corresponding to the
bridging tows. This method captured the stick-slip behavior of the Q3D composites observed in
Mode | experiments.

In general, the prediction was better for the UD composite than for the Q3D composite. The
predicted load at the delamination initiation was within £10% of the experimental values for the

UD and within £15% for the Q3D.
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Chapter 1. Introduction

Fiber reinforced polymer (FRP) composite materials have been widely used in automotive and
aerospace industries since 1960s. Compared with conventional metallic materials, composites
have a relatively high specific strength, specific stiffness and fatigue resistance [1]. Implementing
composite materials in vehicle structures can lead to significant improvement in fuel efficiency
and better acceleration. FRP composites have been used widely in the chassis and body of

supercars and racing cars.

FRPs have relatively strong in-plane strength. However, the through-thickness direction strength
of these materials is relatively low. The most common failure mode in FRPs is delamination. Out-
of-plane impact could cause invisible damage to composites which results in delamination failure

in the through-thickness direction.

To improve the interlaminar fracture toughness of a composite, methods of z-pinning and stitching
[2-5] in the through-thickness direction are developed. This improvement is usually measured by
interlaminar fracture toughness tests under the Mode | and Mode 11 conditions. In Mode | and Il
fracture toughness tests, z-pinning and stitching methods show better interlaminar fracture
toughness strength. However, the degradation of composite in-plane strength is also observed in

experiments.

To improve the interlaminar delamination resistance and remedy the in-plane property degradation,
Quasi three-dimensional (Q3D) composites have been developed which uses a special triaxial

braiding technique to insert bias tows into adjacent layers. Each ply is connected by bias tows



throughout the thickness of composite. Wente et al. [6] and Zhou [7] found that Q3D composites
significantly improve interlaminar fracture toughness in the through-thickness direction of

composites with small in-plane property degradation.

The objective of this work is to develop a numerical simulation method to model the delamination
behavior of Q3D composites. The use of cohesive element to model the delamination behavior is
investigated. Two cohesive laws, i.e. the Bilinear Cohesive Zone Law and Trilinear Cohesive Zone
Law, are compared. The results of this work will be useful in the development of simulation

method for crashworthiness simulations of Q3D automotive structures.
1.1 Fiber-Reinforced Composite Materials
1.1.1 Characteristics of Composite

Composite materials consist of fiber and matrix. Figure 1.1 demonstrates the schematics of fiber-
reinforced composite material. Different types of fibers, such as glass fiber and carbon fiber, have
different material properties. Matrix can be picked from various types of materials such as polymer,
metal and ceramics [8]. Diverse combinations of fiber and matrix result in unique composite

material properties. Lamina that is made of fibers and matrix can become composite laminate by

N ,;:\
Wt

Reinforcement Matrix Composites

Figure 1.1 Fiber-Reinforced Composite Materials [8]



overlapping each other. The fiber preforms may be manufactured by various ways such as
unidirectional, stitching, woven, braiding, etc. Each pattern gives special composite characteristics.
Various orientations of laminas when stacking to compose laminate, also develop unique material

properties after the composite is fabricated.

1.1.2 Failure of Composite

Composite components of airplanes and automobiles frequently undergo cyclical load that can
cause degradation of the composite structure. To prevent catastrophic failure, it is critical to study

the failure mode of composites [9].

Failure modes of composite laminates can be categorized by fiber failure, matrix failure,
delamination failure and other types of failure. Composite fiber failure occurs when the composite
is subjected to tension and compression in the direction of the fiber. Tensile load in the fiber
direction could cause fiber breakage inside the composite. A crack can propagate in the matrix
which can lead to matrix failure. Under compressive load, the common failure modes are fiber
kinking and buckling. Another common matrix failure is due to shear. Composites have relatively
weak out of plane strength compared with conventional isotropic materials. Composite material
has a low ability to absorb kinetic energy applied in an out-of-plane direction [10]. Impact on a
composite could create matrix damage inside the composite laminate. The crack occurs and
propagates along the interface of the composite laminate eventually resulting in delamination of

the laminate.



1.2 Quasi-3D Composite Material

Conventional composite lamina is made by embedding either unidirectional, 2D bi-axial, or even
2D triaxial fiber preform in epoxy. Although these fiber patterns provide relatively strong in-plane
strength in the fiber direction, the delamination resistance in its out-of-plane direction become the
biggest weakness. The objective of developing Q3D composite is to improve the interlaminar
strength by inserting bias tows into adjacent layer to create fiber bridging between adjacent layers
of laminates. Instead of having multiple layers of unidirectional or 2D woven lamina stacking on
each other, Q3D laminate integrates each lamina to a uniform three-dimensional woven preform.
Unlike conventional weaving technique, Q3D preforms has fiber laying down in three axes

directions [11].

1.2.1 Characteristics of Q3D Composite

The failure modes of composite materials are highly depending on interlaminar integration of
laminates. Q3D composites improve the interlaminar integration by attaching adjacent plies with
fiber tows. Although the in-plane properties of Q3D are slightly lower than unidirectional (UD)
and 2D woven composites, the delamination resistance improves significantly compared with UD
and 2D woven configurations. The reinforcement in the through-thickness direction helps
composite laminate absorbing more specific energy due to impact [12]. The residual strength is
higher than UD and 2D woven composites after impact-induced damage. When Q3D composites
are under compressive load, buckling failure appears rather than shear failure [1]. Wente et al [6]
indicates that Q3D composites have higher fracture toughness than UD and 2D woven composite

laminates after initiation of the crack propagation. According to Mode | DCB test, because of fiber



bridging tows in Q3D composite laminates, it requires extra work and energy to break the fiber
bridging tows in composite laminates. Mode Il ENF test that done by Wente et al. [6] also shows

that Q3D composites has high fracture toughness.

1.2.2 Manufacturing of Q3D Composite

The Q3D composite lamina in this thesis consists of fiber tows in three directions. These are 0°,
60° and -60°. The axial carbon fiber tow lays down in 0° direction. Based on 2D woven preform,
the 60° bias tow of 2D woven preform in current layer is braided into the next adjacent layer for

the Q3D composite preform. In this case, two layers of 2D woven fabric are connected by 60° bias

Figure 1.2 (a) Front-top view of Q3D composite (b) Cross-section view of Q3D composite

tow. Figure 1.2 shows microstructure of the Q3D composite that is created using TEXGEN. The
green bias tow demonstrates inserted fiber tow which makes fiber bridging occur between adjacent
lamina. The Q3D carbon fiber preform is shown in Figure 1.3 (a). Strips highlighted in red

represent 0° axial tow. Yellow and green strips are 60° bridging bias tow and -60° bias tow.

The Q3D composite is manufactured by vacuum assisted resin transfer molding (VARTM) method.
VARTM is commonly used by industry to manufacture large size and low volume parts. VARTM

process utilizes vacuum to guide resin flow through the fiber preform. To ensure the good quality



of composite plates and avoid occurrence of voids, perfect vacuum condition inside the vacuum

bag is crucial [13]. Figure 1.3 (b) demonstrates the schematic of VARTM process. Q3D preform

(b)
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Figure 1.3 (a) Completed Q3D carbon fiber preform (b) Schematic of VARTM process [13]

that is made up of 12K, A-42 carbon fiber from DowAksa is placed on an aluminum base plate.
The matrix, that is used to manufacture Q3D composite, is composed of SC-15A resin and SC-
15B hardener with mix ratio of 10:3. Transfer media (distribution media), which helps resin fully
impregnate with carbon fiber preform, is placed on top of the peel ply. The peel ply, which is
inserted between the transfer media and composite preform, provide easy demolding after curing.
Vacuum bag seals on top of the distribution media. Pressure bucket with vacuum assist pulls the
resin from left to right of the Omega tube. After curing for 8 hours in auto-clave, the Q3D

composite plate is manufactured.



1.3 Scopes of Work

The importance of studying the interlaminar strength of composite materials is well recognized.
To prevent catastrophic structural failure of composites in the through-thickness direction,
studying interlaminar strength, especially delamination behavior, of composites is significant. The
improvement of the delamination resistance in the out-of-plane direction of Q3D composites is
proved by experiment. Testing the performance of composite materials is relatively challenging.
To manufacture perfect composite specimens requires a lot of practice. For the sake of saving time
and cost on conducting experiments, it is more efficient to numerically predict system of failure
beyond elastic region of laminated composite materials. Commercial finite element softwares such
as LS-DYNA, ABAQUS, ANASYS are developed to predict failure mode, post-failure behavior
of composite materials. The numerical simulation incorporates composite material properties
(young’s modulus, density, possion’s ratio in each direction of the material), which can be obtained
experimentally, into composite models. The objective of this research is using finite element
method to simulate interlaminar fracture toughness tests and investigate the delamination
resistance of Q3D composites. LS-DYNA software is used in this research to build a FE model to
simulate Mode | DCB and Mode Il ENF tests of Q3D composite materials using bilinear and
trilinear cohesive zone models. The load-extension curve is compared with experimental results to

check prediction accuracy.

1.4 Scopes of Thesis

In this thesis, numerical models are developed using bilinear and trilinear cohesive zone models

to represent delamination resistance of Q3D composite laminates under Mode | and Mode I



conditions. The input parameters of numerical models are obtained from experiments [15] and

literature papers [14].

This thesis is organized as follows:

Chapter 1 introduces the general characteristics and failure modes of fiber-reinforced composite

materials. The Quasi-3D composite is introduced in this chapter.

Chapter 2 provides literature review on numerical method of simulating interlaminar fracture
toughness tests. The cohesive zone models in literature paper are studied and summarized in this

chapter.

Chapter 3 describes LS-DYNA simulation work. The numerical model setups and dimensions are
provided for both Mode | and Mode Il simulations. The governing equations and cohesive laws
for cohesive zone models are presented. The material and mechanical properties of the composite

that is used in the simulation are shown in this chapter.

Chapter 4 The results of Mode I and Mode 11 simulations using bilinear and trilinear cohesive zone
model are presented. The load-extension curves of simulation are compared and discussed with
experimental results. The initial and average interlaminar fracture toughness values are used to
investigate their influences on the prediction results. The effects on prediction results of using two

different definitions of shell thickness reference plane are also investigated.

Chapter 5 concludes and summarizes the findings in this research. The future work and

improvements are suggested.



Chapter 2. Literature Review

2.1 Interlaminar Fracture Toughness Simulation Methods

The fiber-reinforced composites have low interlaminar strength in the through-thickness direction.
One of the common failure modes of fiber-reinforced composite laminates is delamination. There
are two common approaches to numerically predict the delamination in composite laminates.
Linear Elastic Fracture Mechanics (LEFM) is one of the methods to simulate the delamination
behavior. Liu and Zou et al. [15-16] demonstrated that LEFM, particularly the Virtual Crack
Closure Technique (VCCT) [16-19], can be used to model the delamination crack growth with an
initial crack. The downside of this approach is that it is time-consuming and difficult to complete
the calculation of fracture parameters such as energy release rate for progressive crack growth.
Another approach is to use damage mechanics. Cohesive Zone Method (CZM) belongs to this

approach. It is simpler to implement CZM in finite element models than VCCT.

2.2 Cohesive Damage Models

In CZM method, different traction-separation laws have been developed to study the fracture
process of various materials [20-22]. These CZM laws have been employed in delamination

modeling of composite materials.

Jung et al. [23] built an intralaminar damage model using continuum damage mechanics [24] and
interlaminar damage model using cohesive zone method for glass fiber-reinforced polypropylene
(GFPP) composites. The mix mode bending (MMB) test was simulated using LS-DYNA. The

bilinear traction separation law [25] was used in CZM. Liljedahl et al. [26] also used a bilinear

9



traction-separation law in CZM to model adhesively bonded joints. The CZM model was inserted
between two adjacent shell layers. The results show that the CZM damage model using a bilinear
traction-separation law successfully predicted the experiment results of MMB test. Turon et al.
[27] also used cohesive elements to simulate the Mode | DCB test of the unidirectional carbon
fiber-reinforced composite. Turon et al. [27] compared CZM simulation results of using different
interface strength values with analytical solution LEFM. The simulation results show good
agreement with the LEFM solution. It was also mentioned that the penalty stiffness, the fracture
toughness for Mode | and Mode I1, the mixed mode interaction parameter and the interface strength
are important parameters for cohesive damage model to accurately predict delamination. Turon et
al. [27] simulated the Mode Il ENF test using cohesive elements and plane stress elements in the
through-thickness direction to predict the delamination behavior of the UD carbon fiber-reinforced
composite laminate. The pre-damage cohesive elements were inserted in the pre-crack area to
prevent the penetration of crack interfaces. The results were well-agreed with the analytical

solution (LEFM) despite the use of different interface strength values.

In additional to CZM, decohesive elements and discrete cohesive zone model (DCZM) have also
been developed to simulate interlaminar fracture toughness tests of composites. A numerical model
has been developed with decohesive elements that has zero-thickness. Camanho et al. [28]
developed the decohesive model which could predict the crack initiation and propagation of

composite laminates under mixed mode loading. The Mode | and Mode Il interlaminar fracture

10



Figure 2.1 Schematic of DCZM [42]
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Figure 2.2 load-displacement curve of stitch elements [40]

toughness tests were simulated using decohesive cohesive model by Camanho el at [28]. The
results show good consistency with experimental results. The discrete cohesive zone model
(DCZM) was developed by treating cohesive elements as spring [29]. The schematic of DCZM is
shown in Figure 2.1. The “spring” connects two nodes of adjacent elements in DCZM. In Xie’s
paper [30], an improved DCZM was discussed. The strain field at the crack tip was integrated in
the DCZM. The DCZM can be scaled as a function of element size. The geometric nonlinearity
and crack orientation were incorporated in mode mixity of the DCZM. The Mode | simulation in

[29] shows accurate prediction of the maximum load and the slope compared to test results.



2.3 Simulation of Z-pinned and Stitched Composites

To improve the interlaminar strength of composite laminates, the z-pinning method is used to
increase delamination resistance. The review of z-pinned composite laminates, which was done by
Mouritz [31], shows that the z-pinned composite laminates have significant improvement on
delamination toughness which could resist crack propagation. Grassi and Zhang et al. [4] had used
an existing micro-mechanical material model [32] to create numerical model of z-pinned
composite laminate to simulate the Mode I test. A non-linear FEA was used with Newton-Raphson
method to predict crack propagation. Results show that the z-pinned composite laminates have
good energy absorption ability. The load drop phenomenon, which is caused by existence of fibers

in the z direction, was observed in load-extension curve.

Stitching is another approach to increase interlaminar strength in composite laminates. Tan el at.
[5] simulates Mode | DCB test with 2D FE model of Vectran-stitched composite laminate. In Chen
et al. [33], 2D FE model had been proved to have sufficient prediction accuracy when simulating
the Mode | DCB test of stitched composite laminates. The stitches in 2D FE model were created
by 3-nodes rod elements. The behavior of the rod elements is governed by load-displacement curve
in Figure 2.2. The stitch fracture process has four procedures: interfacial debonding, slack
absorption, fiber breakage and pullout friction. Integrating all of procedures into FE model results

in accurate numerical prediction. [33]

12



Chapter 3. LS-DYNA Simulation

In this research, the finite element model is created using LS-DYNA software. LS-DYNA is a
commercial finite element program. Its explicit solver is widely used in automotive and aerospace
industries in crash safety simulations. The numerical model of UD and Q3D composites are built
for simulating Mode | double cantilever beam (DCB) test and Mode Il end-notched flexure (ENF)
test. The fracture toughness parameters for UD and Q3D models are obtained from Wente et al.
[6]. Other input parameters for material model are estimated based on the Robert et al [14]. The
load-extension curve of simulation is compared with experimental results for validation of the

numerical models.

The FE model for the DCB and ENF specimens were built for the unidirectional (UD) composite
laminate first. The UD composite laminate has 12 layers with 0° fiber direction. Shell elements
are used to model composite plies. To simulate delamination resistance of UD composite laminates,
cohesive elements are utilized with bilinear and trilinear cohesive zone laws. Results are compared

with experimental results to pick optimal cohesive zone law for Mode | and Mode II.

The FE model for Q3D composite material is based on the model for the unidirectional (UD)
composite laminate. To simulate Q3D composite laminates, the interface of tested Q3D specimens
are examined to identify the area of fiber bridging tows. The fiber bridging tows increase the
delamination resistance in Q3D composites. The region enclosed by red lines in Figure 3.2 (a) is
where fiber bridging appears. For fiber bridging area, higher fracture toughness values are used to

simulate higher delamination resistance due to fiber bridging.
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3.1  Numerical Model Setup

3.1.1 Model Dimensions and Structures for Mode |

To compare the simulation results with the experimental results of Mode | interlaminar fracture
toughness test, the dimensions of the specimen and its boundary conditions in numerical model
must be consistent with the specimen in experiment. The dimensions of the specimen were selected
according to ASTM D5528 [34], as listed in Table 3.1. The pre-crack was manually created by
inserting a Teflon film of 25-micron thickness in the mid-plane of the composite laminate when

the composite plate was manufactured.

Figure 3.1 Numerical Model setup of UD Composite

The UD composite laminate has 12 layers with fiber directions in 0°, 60° and -60°. Figure 3.1
shows the numerical model setup for the Mode | simulation. The DCB model consists of the top

and bottom composite layers and the interface is represented by a layer of cohesive elements.

The top and bottom composite layers are modeled using shell elements. The reasons of using shell
elements are: 1. The components of automobiles and airplanes are often made of thin sheets of
metals or composite materials. It is quite common to use shell element in crash safety simulation,
particularly in automotive application. 2. Crash simulation are solved by explicit method. In this

method, the solution accuracy is controlled by the timestep, which is in turn determined by the
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smallest element size. If solid elements are used to model composite layers, the resulted timestep
will be small. So that the run time to solve the problem will be long. Using shell elements will save

computational time.

The shell element for composite layer is 1.8 mm thick, with 6 integration points through the
thickness. Each integration point represents one ply of composite laminates. The interface where
the interlaminar delamination to occur is modeled using solid cohesive elements (Figure 3.1). The
cohesive layer thickness is depending on the definition of shell reference plane. In the first case,
when shell thickness reference is defined at the mid-plane, the cohesive layer thickness equals to
the shell thickness which is 1.8 mm. In the second case, the shell thickness reference is defined at
the top surface for bottom composite layer and at the bottom for top composite layer. Then the
cohesive layer thickness can be reduced to 0.336 mm. The region without cohesive elements is the
pre-crack area. The loading blocks, which are modeled using solid elements with rigid material

properties, are placed at the tip of the laminate. A prescribed displacement is assigned at the center

Figure 3.2 (a) Interface of tested Q3D composite laminate (b) Cohesive layer interface of Q3D
composite laminate
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of the top loading block with strain rate of 0.04 mm/s. The top loading block is constrained to
allow only translational degree of freedom in the z direction and rotational DOF in the x direction.

The bottom loading block is fixed except the rotation about the x-axis.

For the Q3D composite laminates, the structure of numerical model is identical to the UD
composite laminates. The dimensions of the Q3D model is listed in Table 3.1. A unique feature of
the Q3D composite laminate is the bias bridging tow which connects adjacent layers of the
composite laminate. Figure 3.2 (a) shows a post-modern DCB specimen where the bias tow
bridging areas are enclosed by red lines. Two sets of Cohesive Zone Model (CZM) parameters are
used in the model. The elements in red had the same CZM parameters as in the UD model. The
brown cohesive elements representing the 60° bias bridging in Figure 3.2(b) were assigned with a
second set of CZM parameters with a higher fracture toughness value. In simulations, the brown
cohesive elements produced a higher delamination resistance for laminate interface. It required

larger traction force to separate the top and bottom composite layers.

Table 3.1 Dimensions of Mode | DCB model

Length (mm) Width (mm) Thickness (mm)  Pre-crack (mm)
ub 184.375 25.4 3.6 52.125
Q3D 182.924 25.4 3.6 60.013
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3.1.2 Model Dimensions and Structures for Mode |1

The ENF specimen for Mode Il experiment follows ASTM D7905 [35]. The composite laminate
is placed on two bottom supporters with 4-inch span. The distance from bottom right supporter to
the end of the pre-crack (a,) is 30 mm. The upper roller in Figure 3.3 is placed above the composite
laminate. The UD composite laminate dimensions are shown in Table 3.2. It consists of top and
bottom composite layers. The cohesive layer is located between the top and bottom composite
layers. Six pairs of automatic surface to surface contacts are defined. The contact surface of the

shell element is placed at a distance equal to half of the contact thickness. The default contact

Figure 3.3 Front view of Mode Il ENF model setup

thickness equals the shell thickness which is 1.8 mm [36]. The shell thickness reference plane is
defined at the middle in Mode Il numerical model. So that the contact surface is at the mid-plane
between top and bottom composite layers. If the shell thickness reference is defined at the bottom
for top composite layer and at the top for bottom composite layer, the contact surface will have
initial penetration. In LS-DYNA contact cards, the master and slave selections are not necessarily
following the contact sequence [37]. The optional thickness for the master and slave surface (MST,
SST) are the true element thickness of the contact components. In this model, the true thickness of

the shell composite layer is 1.8 mm. The cohesive layer true thickness is zero. The Rayleigh
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damping coefficient for composite layer is set to be 0.05. The strain rate of Mode 11 ENF simulation

is 0.005 mm/s.
Table 3.2 Dimensions of Mode Il ENF model
Length (mm) Width (mm) Thickness (mm)  Pre-crack (mm)
ubD 156.25 20 3.6 53.125
Q3D 143.75 20 3.6 53.125

Figure 3.4 Cohesive layer setup of Q3D composite laminate for Mode 11

The dimensions of the Q3D composite laminate are listed in Table 3.2. Two sets of CZM
parameters are used. The cohesive layer setup is shown in Figure 3.4. A set of CZM parameters
with higher fracture toughness values is assigned to brown cohesive elements to simulate higher

delamination resistance of bias bridging tows.
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3.2 Cohesive Zone Law

There are four typical traction-separation laws to govern the behavior of cohesive elements. Table
A.1 demonstrates the traction-separation curves for different material cards in LS-DYNA. In this
research, two CZM laws, i.e. MAT 138 and MAT 185 are used to simulate Mode | and Mode 11

interlaminar fracture toughness tests.

3.2.1 MAT _138 Bilinear Cohesive Zone Law

d) c b
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Figure 3.5 (a) MAT_138 Bilinear Traction-separation curve (b) MAT_185 Trilinear Traction-
separation curve [25]

MAT 138 in LS-DYNA is governed by a bilinear traction-separation law with quadratic mixed
mode delamination criterion and damage formulation to simulate delamination behavior of
cohesive elements. In order to use MAT _138, cohesive element formulation 20 is defined in
SECTION_SOLID of cohesive elements [25]. The 8-nodes cohesive element is used to generate
cohesive layer. The number of integration points for a cohesive element to be deleted is set to 4.

The tractions are defined as middle point between each pair of nodes (1-5, 2-6, 3-7, 4-8) on an 8-
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nodes cohesive element in Figure 3.7. [25] A cohesive element will be deleted if 4 integration

points of the cohesive element reach their peak traction.

The Bilinear Cohesive Zone Law complies mixed mode criterion [12]. The total mixed mode

displacement (&) is governed by Eq 3.1:

2 3
1 4
Integration point ® ®
\ ¢ 6 ¢ 7
5 8

Figure 3.7 Integration points on a cohesive element

§ =(8:1)% + (82)% + (83)? 3.1)

Figure 3.6 illustrates the displacement inside the single cohesive element. The displacement in 3
direction (&3) represents the displacement in normal direction for mode 1. The displacement in 1
(61) and 2 (8,) directions are the displacement in tangential direction for mode Il. The damage

initiation displacement for mode 1 (8?) is calculated by dividing peak traction in normal direction
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(T) by normal to cohesive element stiffness (EN). For mode Il damage initiation displacement
(8%) is obtained by dividing peak traction in tangential direction (S) by in-plane stiffness of

cohesive element (ET). The damage initiation displacement is shown in Eq 3.2:

0 _ <050 1+f32
on =4 5”J(a?,>2+(ﬁa,ﬂ>2 (3:2)

Where 8 = %. The total failure mixed-mode displacement is provided in Eq 3.3, where the mixed
1

mode criterion exponential (XMU) is set to be 1.

1

SF = 2048 (ﬂ)XMU + (M)XMU]_M (3.3)

80 Gic Giic

Figure 3.5 (a) provides the traction-separation curve for the bilinear cohesive zone law. The area
under the triangle represents the energy release rate which is also known as the fracture toughness
G;¢ for mode 1, and G;; for mode 1. The traction within the cohesive elements increases as the
separation of cohesive elements increases until reaching peak traction. The softening process starts
after the peak load is reached. Eventually the traction drops to zero when failure of cohesive

elements occurs.

The experimentally measured mode | and mode Il fracture toughness values (G,, G;;¢) for UD
and Q3D composites by Wente et al. [6] are listed in Table 3.3 and Table 3.4. The parameters in
the CZM laws were determined using the average fracture toughness for Mode | and non-pre-crack

(NPC) fracture toughness values for Mode I1. These values are listed in Table 3.5.
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For Q3D, a second set of CZM parameters with higher Mode | and Il fracture toughness values
were introduced to model the bridging bias tows. Since the DCB and ENF specimens had different
width, the area ratio of the bridging tows on the fractured specimens were different. Therefore, the
second set CZM parameters were slightly different for the DCB and ENF specimens. For the DCB

specimen, the volume fraction of bias tows is 19.55% which calculated using Eq 3.4. The volume

Table 3.3 Mode | fracture toughness values measured in DCB experiments [6]

ubD 2DW Q3D
Gic [#] 563.6 564.1 466.3
Gic [#] 732.8 730.4 884.7
Energy [/] 3.345 3.756 4.994

Table 3.4 Mode Il fracture toughness values measured in ENF experiments [6]

ub 2DW Q3D
NPC 644.5 502.2 613.8
PC 559.5 696.1 824.3

fraction of matrix (Vy,qrix) 1S 80.45%. The average Mode | fracture toughness value of Q3D

composite laminates that measured in experiment (G,CQ3D) is 8.847 x 10™* GPa - mm. The Mode

| fracture toughness for the bias tow elements (Gic, ;s row erements) 2N D€ calculated using Eq 3.5.

Table 3.6 presents the fracture toughness values for DCB simulations.
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In ENF simulation of Q3D composites, the width of the numerical model is shorter than the width
of the Q3D model in Mode 1. The volume fraction of bias tow cohesive elements is 20.7%. The
Mode | fracture toughness value is then re-calculated to be 1.466 x 1073 GPa - mm. Table 3.7

present the fracture toughness values for ENF simulations

Table 3.5 Fracture toughness values of UD composite in Mode | and 11

Mode | Fracture Toughness Value ~ Mode Il Fracture Toughness Value

Composite
Gic (GPa-mm) Gic (GPa-mm)
Unidirectional
7.33x107* 6.44 x 1074
(UD)
Table 3.6 Fracture toughness values of Q3D composite for Mode |
Mode | Fracture Toughness Mode Il Fracture Toughness
Q3D composite
Value G- (GPa - mm) Value G (GPa - mm)
Matrix cohesive elements 7.33x107* 6.14 x 107
Bias tow cohesive elements 1.507 x 1073 8.24 x 1074
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Table 3.7 Fracture toughness values of Q3D composite for Mode 11

Mode | Fracture Toughness Mode Il Fracture Toughness
Q3D composite
Value G;c (GPa - mm) Value G (GPa - mm)
Matrix cohesive elements 7.33x107* 6.14 x 107*
Bias tow cohesive elements 1.466 x 1073 8.24 x 1074

__ Number of Bias tow cohesive elements
Vbias tow —

Total number of cohesive elements

= * . % :
Gic Q3D GICbias tow elements Vbias tow + Glcmatrix elements Vinatrix

Z= > 1
Loen(gR)

u 2Gic

- = >1
Loer()

(3.4)

(3.5)

(3.6)

(3.7)

The relationship between the ultimate displacement at failure (u) and displacement at the peak load

(L) for the bilinear traction-separation law is shown in Eq 3.6 and Eq 3.7. The ultimate

displacement at failure (u) must be larger than the displacement at peak load (L). The G, and Gy,
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values in Eq 3.6 and 3.7 are given, the peak tractions in the normal (T) and tangential (S) directions
are estimated. The normal to cohesive element stiffness (EN) and the in-plane stiffness of cohesive
element (ET) can be calculated using Eq 3.6 and 3.7. The relationship between the fracture
toughness values and the peak tractions is indicated in Eq 3.8 and 3.9. The ultimate displacement
in the normal direction (UND) and the ultimate displacement in the tangential direction (UTD) are

calculated by using Eq 3.8 and 3.9.

GIC =T x =2 (3.8)

UTD

3.2.2 MAT _185 Trilinear Cohesive Zone Law

MAT 185 in LS_DYNA follows a trilinear cohesive law. It was developed by Tvergaard and
Hutchinson in 1992 [20] to use with cohesive element formulations [25]. The area under the
trapezoidal traction-separation curve in Figure 3.5 (b) represents the fracture toughness value. The
peak tractions in the trilinear cohesive law and the bilinear cohesive law have equivalent values.
The scaled distance for failure (454;;) is 1. The scaled distance to the peak traction (4,) is set to
0.2 and the scaled distance to beginning of softening (4,) is set to 0.5. The values of 1, and 4, can

be adjusted.

In DCB and ENF simulation of UD composites using Trilinear CZM, the fracture toughness
parameters in the Bilinear CZM are the one used here to calculate the scaled length in the normal

(NLS) and tangential directions (TLS) using Eq 3.10 and 3.11. The peak traction g,,,, is 0.009

25



GPa. The NLS and TLS values for UD composites in DCB and ENF simulations are listed in Table

3.8 and Table 3.9.

= ———= Opax * NLS (3.10)

Gii = =2 Oy * TLS (3.11)

Table 3.8 Scaled Length parameters for UD composites in DCB and ENF simulations

) Scaled Length in Normal Scaled Length in Tangential
Composite o o
Direction (NLS) Direction (TLS)
Unidirectional
0.1253 0.110

(UD)

Table 3.9 Scaled Length parameters for Q3D composites in ENF simulation

_ Scaled Length in Normal Scaled Length in Tangential
Q3D composite o o
Direction (NLS) Direction (TLS)
Matrix cohesive elements 0.1253 0.1050
Bias tow cohesive elements 0.2506 0.1409
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In ENF simulation of Q3D composites, two sets of fracture toughness parameters in the Bilinear
CZM of Q3D composites are used to calculate NLS and TLS using Eq 3.10 and 3.11 for bias tow

cohesive elements and matrix cohesive elements.

Looking at the cohesive element model in Figure 3.6, the dimensionless separation of the element
(4) combines the interaction between the displacement in Mode | (65) and Mode 1l (5;, 5,) in Eq
3.12. The trilinear traction-separation law used for stress calculation is show in Eq 3.13. The

normal and tangential components of traction vector are given by Eq 3.14 [25].

_ (81N, 82\, (18302
1= \/ () +(a) + () (3.12)
( Afail 1
Omax — 1< 2L
L Afail
0. /11 A 12
t(1) = | Ymax Arai < Arau (3.13)
1-21 A
O-maxl_a_z /12_<l<1
\ Afail fail
NLS
ty TLS? 0 ] 51
t :@| o X8 o|5 (3.14)
tz 2 l TLS? J 62 '
3 1 3
0 0 s
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3.3 Material Properties

The A-42, 12k carbon fiber, which is manufactured by DowAKsa, is used to make our UD and
Q3D preforms. The properties of the fiber are listed in Table 3.10. SC-15 Epoxy was used as matrix
resin. The properties of SC-15 Epoxy [38] are given in Table 3.11. The composite panels for
interlaminar fracture testing were made with 10 layers of commercial triaxial braided composite
as the outer layers and two layers of handmade composite preform at the interface, as shown in

Figure 3.8. The composites were manufactured by the VARTM process.

Hand-woven
architecture being
investigated —

Crack Interface —

Figure 3.8 Architecture of the Q3D composite specimen for DCB and ENF tests [6]

The fiber volume fraction of the composite was estimated by acid digestion [6]. The Rule of
Mixture (Eq 3.15) is then utilized to calculate composite density. The composite density is
1.46 x 107% kg/mm3. As the mechanical properties of the UD and Q3D composites are unknown,
they were assumed to be close to the commercial triaxial braided composite. Literature data on
T700/PR520 UD composite [14] were used to compute the properties of the triaxial braided
composite using Micromechanics approach. Table 3.12 presents the estimated mechanical

properties for the composite layers.
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Table 3.10 Carbon fiber properties

) Tensile Strength  Tensile Modulus Strain Density
Carbon Fiber
(GPa) (GPa) (%) (g/cm®)
A-42, 12k 4.2 240 1.8 1.78

Table 3.11 SC-15 Epoxy properties

Compressive

_ Density Viscosity
Matrix (g/cm®) Strength (centipoises)
cm centipoises
g (GPa)
SC-15 1.09 0.088 300
pcomposite = pmatrimeatrix + pfibeeriber (3-15)

Table 3.12 Composite mechanical properties

Mechanical Properties Unit Carbon Fiber Composite

Density Kg/m?® 1460

Axial modulus GPa 38
Transverse modulus GPa 32.7

In-plane shear modulus GPa 8.96

In-plane Possion’s ratio _ 0.3

Axial tensile failure strain _ 0.0216

Axial compressive failure strain _ 0.018
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Table 3.12 (cont’d)

Transverse tensile failure strain _ 0.0168
Transverse compressive failure strain _ 0.011
In-plane shear failure strain _ 0.024
Axial tensile stress at failure GPa 1.044
Axial compressive stress at failure GPa 0.377
Transverse tensile stress at failure GPa 0.362
Transverse compressive stress at failure GPa 0.345
In-plane shear stress at failure GPa 0.307
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Chapter 4. Simulation Results and Discussion

4.1 Mode | Results

4.1.1 UD Composite with Bilinear CZM

Two different thicknesses of cohesive layers are investigated here. For the first case, the shell
thickness reference plane is defined the middle. The cohesive layer thickness is 1.8 mm which is
relatively thick compared to the second case, where the shell thickness reference plane is defined
at the top for bottom shell and at the bottom for top shell and the cohesive layer is relatively thin.
The load-extension curve for the unidirectional composite laminate with thick bilinear CZM is

compared with the experimental load-extension curve in Figure 4.1. The green curve indicates the

Load-Extension Curve
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Figure 4.1 Comparison of the experimental load-extension responses of UD DCB specimen
under Mode I with the prediction with thick cohesive element with a Bilinear CZM law.

simulation result and the blue and red curves illustrate the experimental result. Before load reaches

its peak value, the load-extension curve generally displays a linear elastic behavior. However, the
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non-linearity is also observed at approximately 12 mm. A similar trend is also observed in
Beckermann’s experiment [39]. The stiffness and crack growth results of the simulation agree well
with the experimental load-extension curve. The numerical prediction of the peak load is higher
than the experiment. After the peak load, the softening part of the load-extension curve has the

same trend compared with the experimental result. The numerical simulation is unable to precisely
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Figure 4.2 Comparison of the experimental load-extension responses of UD DCB specimen
under Mode I with the prediction with thin cohesive element with a Bilinear CZM law.

predict the instability of crack propagation in the experiment due to delamination resistance of
matrix [40]. The oscillation of the DCB also observed in simulation after the crack starts to

propagate.

The result of thin Bilinear CZM is presented in Figure 4.2. The load-extension curve generally has
the same elastic load increase to initiate the crack propagation compared with experimental results.

The load decrease after the peak has the same trend as the experiment. The peak load is over-
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predicted. In the simulation, the FE model with a thin cohesive layer in the DCB tends to be more

stable compared with the one with a thick cohesive layer.
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Figure 4.3 Comparison of Bilinear CZM law with the same G, but different
traction values.
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Figure 4.4 Comparison of the load-extension curves by simulations with the two CZMs



Two different bilinear traction-displacement curves are compared in Figure 4.3. The fracture
toughness values that are used for Mode | simulation remain unchanged for Cohesive Zone Model
1 and 2. CZM 1 and 2 have the same linear elastic slope of the traction-displacement curve. The
peak load of CZM 2 is higher than CZM 1. To keep the Mode | fracture toughness value G,
unchanged for CZM 2, the ultimate displacement at failure (u) needs to be reduced for CZM 2.
Figure 4.4 indicates that load-extension curves for Bilinear CZM 1 and CZM 2 are identical in
stiffness, maximum load and crack growth. It is interesting to note that, if the Mode I fracture
toughness value stays the same for two different bilinear traction-separation laws, the numerical
predictions with two sets of CZM parameters have no major differences. It is important to use the
correct Mode | fracture toughness value in the CZM in simulating interlaminar fracture toughness

tests.

Eq 4.1 is used to calculate the Mode | fracture toughness value from DCB experiment, where P is
the measured load in Mode | experiment, § is the load point displacement, b is the specimen width,

a is the delamination length and ¢ is the compliance.

From the Mode | experiment, two fracture toughness values are obtained: the initial value and the
averaged value. In Table 3.3, the initial fracture toughness value G, is calculated using the
measured load to initiate the crack propagation. The Figure 4.5 shows the G,. values that
calculated using the load before each “stick-slip” [41-42]. The average fracture toughness value
G, 1s higher than the initial fracture toughness value G, because the fiber bridging has occurred in
the UD specimens in Mode | experiment. In Figure 4.6, fiber bridging is clearly observed in the

red circle.

34



G, [1/m?]

1000
900
800
700
600
500

300
200
100

UD R Curves

[ UDl [ XX ....
e UD3 o oo
-0 ® e O o
'. e - ® .:..~~
‘::". :’..-._:?......
™ Initial G,c
50 100 150

Crack Length [mm]

Figure 4.5 The experimental R curves for UD composites

Figure 4.6 Mode | Experiment picture of UD composite laminate
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Figure 4.7 Comparison of Bilinear CZM with initial G, and Bilinear CZM with average G,

The initial fracture toughness value G; is used in Bilinear CZM parameters, the numerical
prediction result is compared with the load-extension curve result obtained by using average
fracture toughness value. Figure 4.7 shows the load-extension curve results. The green curve
indicates the numerical prediction result of Bilinear CZM with the average fracture toughness
value G,.. The orange curve represents the prediction result of Bilinear CZM with the initial
fracture toughness value G,. The elastic and softening behavior of the load-extension curves are
the same for Bilinear CZM with initial G; and average G;.. However, the numerical result of using
a higher fracture toughness value gives a higher peak load prediction. The same phenomenon was
observed in Turon et. al [27]. The CZM using the initial fracture toughness value G, predicts better

peak load than CZM using average fracture toughness valueG,.. The CZM with average fracture
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toughness value G, overshoots the peak load but has better prediction of softening behavior. To
precisely predict the crack onset and propagation in UD composites under Mode | condition,

incorporating both the initial and average fracture toughness values in CZMs is recommended.

4.1.2 UD Composite with Trilinear CZM

The UD DCB experiments were also simulated with a Trilinear CZM law. Thick and thin cohesive
layers are also investigated with Trilinear CZM. Figure 4.8 demonstrates the load-extension curve
of Trilinear CZM with thick cohesive layer. The elastic load increase to initiate the crack
propagation is consistent with the experiment results. The peak load is over-predicted. The DCB

tend to be unstable as the crack starts to propagate.
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Figure 4.8 Load-extension curve of Trilinear CZM with thick cohesive layer
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Looking at the load-extension curve of Trilinear CZM with thin cohesive layer in Figure 4.9, the
elastic part of the load-extension curve agrees with the experiment. The peak load is over-predicted.

After the peak load, the instability is observed.
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Figure 4.9 Load-extension curve of Trilinear CZM with thin cohesive layer

The traction-separation curve is compared with the Bilinear CZM law in Figure 4.10. The fracture
toughness values are the same for both CZM laws. The elastic slope of traction-separation curve
for the Bilinear CZM to reach the peak traction is the same as the Trilinear CZM. With the same
maximum traction, Trilinear CZM has a smaller ultimate displacement at failure (u) that eventually
leads to a steeper slope of the softening process. The simulation results are shown in Figure 4.11.
The orange and green curves are corresponding to Bilinear and Trilinear CZMs. The elastic
behavior of Trilinear CZM has the same trend as that of the Bilinear CZM. The non-linearity is

not observed in load-extension curves of both Bilinear and Trilinear CZMs. The peak load of the
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Trilinear CZM agrees with that of the Bilinear CZM. The instability of Trilinear CZM is observed

in load-extension curve after the peak load.
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Figure 4.10 Comparison of traction-separation curves for Bilinear CZM and Trilinear CZM
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Figure 4.11 Load-extension curve comparison of Bilinear CZM and Trilinear CZM
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Figure 4.12 Cohesive element deletion of Bilinear CZM

t=330 t=534

t=377 =583

Figure 4.13 Cohesive element deletion of Trilinear CZM

To find out the cause of the instability in Trilinear CZM, the cohesive element deletion in cohesive
layer is investigated. Figure 4.12 illustrates the cohesive element deletion inside the cohesive layer

for the Bilinear CZM. It takes 17ms for one row of red cohesive elements to be deleted and totally
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66ms to delete two rows of cohesive elements. On the contrary, the Trilinear CZM has sudden
cohesive element deletion in Figure 4.13. Over the time interval of 4ms, one row of cohesive
elements has been deleted because of the element failure. In 53ms, two rows of cohesive elements
have been deleted for the Trilinear CZM. The relatively large number of cohesive elements
deletion in short amount of time leads to a sudden internal energy transformation which results in

instability for Trilinear CZM.

4.1.3 Q3D Composite

The numerical prediction results for the UD composite reveals that the Bilinear CZM is more
stable than the Trilinear Cohesive Zone Model in crack propagation. The Bilinear CZM is more
viable to simulate Mode | interlaminar fracture toughness test. Higher fracture toughness values
are assigned to 60° bias tow cohesive elements which causes several load-drops in load-extension

curve. This load-drop phenomenon is also referred as “stick-slip” in literature papers [41-42]. Two
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Figure 4.14 Load-Extension curve of Q3D composite laminate with thick cohesive layer
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cases for cohesive layer thickness are also investigated here. Looking at numerical prediction of
Q3D composite laminate with thick cohesive layer in Figure 4.14, the increase of the elastic load
before crack initiation is consistent with the load-extension curve of experiment 2. The numerical
prediction of peak load and the first “stick-slip” are agrees well with the experimental result. Each
peak in the experimental load-extension curve represents a fiber tow bridging event. Several load
drops are observed in the experimental load-extension curve. This phenomenon occurs when a
crack starts to propagate and reaches bias bridging tows. As the bias tow has a higher delamination
resistance, it requires a higher load to break the fiber tow for crack growth to continue. The general

trend of crack growth at the interface agrees with the experimental load-extension curve. However,

Load-Extension Curve
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Figure 4.15 Load-Extension curve of Q3D composite laminate with thin cohesive layer

the numerical simulation is not sufficiently accurate to mimic “stick-slip” in the load-extension

curve after the peak load.
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The load-extension curve of the Q3D composite laminate with thin cohesive layer show
consistency of elastic process compared with experiment 2. The peak load is slightly over-

predicted. And the “stick-slip” phenomenon is not accurately predicted after the peak load.

4.2  Mode Il Results
4.2.1 UD Composite with Bilinear CZM

The numerical prediction of the UD composite with the Bilinear CZM is investigated here. The
green curve in Figure 4.16 represents the numerical prediction of bilinear CZM for the UD
composite laminate. The elastic part of the load-extension curve before peak load is consistent
with experimental results. The model with the Bilinear CZM precisely predict the load to initiate

the crack. However, the peak load is under-predicted. The stiffness of the numerical prediction is

Load-Extension Curve
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Figure 4.16 Comparison of the ENF experimental Load-deflection curve of UD composite with
simulation using the Bilinear CZM.
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Figure 4.17 CZM comparison with different stiffness
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Figure 4.18 Load-deflection curve comparison with two CZMs

reduced because of the crack growth. The sudden load drop after the peak traction of experimental

curve does not appear in numerical prediction. To investigate whether the increase of in-plane
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stiffness in CZM will stiffen the bending behavior of the composite beams, CZM 2 is introduced
with an increased in-plane stiffness (ET). The traction separation curve is presented in Figure 4.17.
The stiffness (ET) change results in the shift of the displacement at the peak traction (L). However,
the load-extension curves generated in simulations with two CZMs are overlapping each other,
Figure 4.18. This shows that the increases of in-plane stiffness (ET) does not affect the numerical

prediction results.

4.2.2 UD Composite with Trilinear CZM

Since the Bilinear CZM demonstrates significant stiffness reduction in the elastic part of the load-
extension curve and no discrepancy due to load drop after the peak traction, the Trilinear CZM is
investigated to see if it can produce different results. The Trilinear CZM result is provided in

Figure 4.19. The red and blue curves represent the UD experiment results. The load to initial the
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Figure 4.19 Comparison of ENF experimental Load-deflection curve with simulation with a
Trilinear CZM.
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Figure 4.20 Traction-separation curves comparison for Bilinear and Trilinear CZMs
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Figure 4.21 Load-extension curves comparison for Bilinear and Trilinear CZMs

crack agrees well with experiment. The decrease of bending stiffness due to crack growth is small
compared with the Bilinear CZM. The predicted peak load is slightly smaller than the experimental

peak load. The discrepancy after the peak load is observed in Figure 4.19. Instability after the peak
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load for Trilinear CZM is also detected in ENF simulation due to sudden cohesive elements
deletion. Overall, the Trilinear CZM provides relatively accurate numerical prediction for the

delamination behavior of UD composites.

The traction-separation curves for Bilinear and Trilinear CZMs are compared in Figure 4.20, the
elastic load increasing to reach the peak traction is the same for both CZMs. The fracture toughness

value for both CZMs are the same. The slope of the softening process is steeper for Trilinear CZM.

The load-extension curve in Figure 4.21 shows that the elastic load increase and softening behavior
of both CZMs are consistent with each other. The Trilinear CZM predicts a higher peak load for

crack to propagates and has less stiffness reduction compared with the Bilinear CZM.
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Figure 4.22 Load-extension curve of Bilinear CZM for Mode 11
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4.2.3 Q3D Composite

Contrary to Mode | DCB test simulations, the model with a Trilinear CZM generated accurate
numerical prediction of UD composite under Mode Il ENF test. To numerically predict the
delamination behavior of Q3D composite, the model with Bilinear CZM was tested first to check
the prediction accuracy. Higher fracture toughness values are used for bias tow cohesive elements
(brown elements) as shown in Figure 3.4. The load-deflection curve predicted with Bilinear CZM
is shown in Figure 4.22. The result revealed an under-prediction of the peak load comapared with
experimental value (green curve). The Q3D composite became less stiff after the crack starts to
propagate. The trend in discrepency between the experimental curve and predicted response in

Q3D ENF simulations with the Bilinear CZM is consistant with UD ENF simulations.
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Figure 4.23 Load-extension curve of Trilinear CZM for Mode Il

Because the Bilinear CZM failed to accurately predict delamination behavior of Q3D composite

laminate, Trlinear CZM was then tested for cohesive layer. Amore accurate numerical prediction
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is obtained, as shown in Figure 4.23. The bending stiffness reduction is improved compared with
Bilinear CZM prediction results in Figure 4.22. The under-prediction of peak load was still seen
for Trilinear CZM. The discrepancy of the load drop is more distinct comparing to experimental
result. In general, the Trilinear CZM produces more accurate numerical prediction of delamiantion

behavior for Q3D composite laminate than the Bilienar CZM does.
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Chapter 5. CONCLUSION

5.1 Summary and Conclusion

In this research, the delamination behavior of UD and Q3D composites are simulated using
Cohesive Zone Model (CZM). The interface in UD composite was simulated with one set of CZM
parameters. To simulate Q3D composite, two sets of CZM parameters are used. A set of CZM
parameter with higher fracture toughness value is assigned to bias tow cohesive elements which
have higher delamination resistance. The “stick-slip” behavior of Q3D composites is simulated.
Bilinear CZM and Trilinear CZM are used to simulate Mode | and Mode Il experiments of UD
and Q3D composites. The numerical simulation results of Bilinear CZM and Trilinear CZM are
compared with the experimental results, Table 5.1 and 5.2 shows that Bilinear CZM has better
accuracy when predicting the peak load of UD and Q3D composites under Mode | condition. The
Trilinear CZM gives an unstable softening process of load-extension curve because of sudden
cohesive elements deletion in cohesive layer. The load to initiate crack propagation is consistent
with experiment. However, numerical simulations could not precisely predict the instability of the

crack propagation. The linearity is observed in the elastic part of the load-extension curve.

The two different definitions of shell thickness reference plane result in thick and thin cohesive
layer thickness. The results in Table 5.1-5.4 shows that a thick cohesive layer better predicts the
peak load and displacement at the peak load for both UD and Q3D composites. To accurately
simulate Mode | experiment of UD and Q3D composites, the Bilinear CZM with a thick cohesive
layer would be the optimal method. In this thesis, the effect of the facture toughness value on the

numerical simulation results is also investigated, the initial fracture toughness value G; is used in
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Bilinear CZM for the UD composite laminate under Mode | condition. The results show that using
the initial fracture toughness value G, better predicts the load to initiate the crack propagation. On
the contrary, using the average fracture toughness value G, gives a better numerical prediction of
crack propagation. A higher fracture toughness value results in a higher peak load of the load-
extension curve. The optimal method to numerically predict the delamination behavior of UD

composites is to use both G; and G, in CZM.

In the Mode Il simulation of UD and Q3D composite laminates, both the Bilinear and Trilinear
CZMs under-predict the peak load. However, the Trilinear CZM clearly predicts a higher peak
load for crack to propagates. The elastic and softening behavior for both CZMs are consistent.
Whereas, the stiffness reduction in elastic load increasing process is less for Trilinear CZM. The
changing stiffness of CZM does not have significantly influence on simulation results. The
instability and discrepancy of the load drop in softening process of load-extension is spotted for
Trilinear CZM. In general, Table 5.1-5.4 show that the Trilinear CZM, when simulating UD and
Q3D composites under Mode | and Mode I1 conditions, demonstrates a better prediction accuracy

of the peak load and displacement at the peak load compared with Bilinear CZM.
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Table 5.1 Comparison of the predicted and measured peak load with Bilinear CZM

. . Mode Il with Bilinear
Mode | with Bilinear CZM

CZM
ub ub 3D 3D
) ) N ) Q ) ub Q3D
(Thick) (Thin) (Thick) (Thin)
Predicted
peak load 49.3 51.6 46.5 48.38 251 252
(N)
Measured
peak load 46.598 46.598 45.23 45.23 317.25 358.9
(N)
Error (%) 5.5 9.7 2.7 6.5 -26.4 -42.4

Table 5.2 Comparison of the predicted and measured peak load with Trilinear CZM

Mode | with Trilinear CZM Mode 11 with Trilinear CZM
uD uD
) ) uD Q3D
(Thick) (Thin)
Predicted peak load
52 52.7 287 311
(N)
Measured peak load
46.598 46.598 317.25 358.9
(N)
Error (%) 10.4 11.6 -10.5 -15.4
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Table 5.3 Comparison of the predicted and measured displacement at the peak load with
Bilinear CZM

. . Mode Il with Bilinear
Mode | with Bilinear CZM

CZM
uD uD 3D 3D
. . Q. Q, uD Q3D
(Thick) (Thin) (Thick) (Thin)

Predicted

displacement 13 44 13.2 29.2 28.4 3.32 3.35

at peak load

(mm)

Measured

displacement ;g 49 19.41 29.75 29.75 3.57 427

at peak load

(mm)

Error (%) 44.4 470 1.9 4.8 75 275

Table 5.4 Comparison of the predicted and measured displacement at the peak load with

Trilinear CZM
Mode | with Trilinear CZM Mode Il with Trilinear CZM
ub ub
) ) ub Q3D
(Thick) (Thin)
Predicted
displacement 14.2 14 3.49 3.74
at peak load
(mm)
Measured
displacement 19.41 19.41 357 427
at peak load
(mm)
Error (%) -36.7 -38.6 -2.3 -14.2
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5.2  Future Work

To further improve the numerical model, the following works are suggested: (1) validate the
numerical model by simulating Mode 111 and mixed-mode fracture toughness test, and (2) examine

the numerical model by simulating impact test.

In addition, a systematic characterization of the mechanical properties of Q3D composite is
recommended. This would give accurate input of composite properties in LS-DYNA which could

improve the numerical prediction accuracy on softening process of load-extension curve.

Accurately identifying the fiber bridging area at the interface of Q3D composite laminates using
microscope could also improve the accuracy of prediction on softening process of load-extension
curve. In the Mode Il simulation of Q3D composites, the instability of softening process is
observed for Trilinear CZM. Other cohesive zone law could implement in cohesive zone model
such as arbitrary normalized traction-separation law. Instead of having discontinuities of traction-
separation law for Bilinear and Trilinear CZMs [43], arbitrary normalized traction-separation law

is continuous throughout the curve which might reduce the instability of the softening process.
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Table A.1 Different Cohesive Zone Laws
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