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SUMMARY

This study aims at characterization of microscopic impact damage of CFRP laminates
with toughened interlayers. In general, CFRP has been applied to various engineering
application due to its superior properties such as high stiffness and strength. For example,
CFRP is employed in aircraft structure such as wings, turbo-fan engines and a fuselage.
Nonetheless, it is still vulnerable to damage induced by low-velocity and high-velocity
impact. The damage due to low-velocity impact can be classified either barely visible
impact damage (BVID) or clearly visible impact damage (CVID). In the former case,
even though a small dent is created on the laminate surface, significant damage including
matrix cracking and delamination is often generated inside the laminate.

On the contrary, high-velocity impact creates clear evidence such as a crater on the
surface besides more catastrophic failure than low-velocity impact. In the event of high
velocity impact, punching failure, fibre failure, matrix cracking and delamination are
considered as main damage mechanism that occurred in composite materials. In general,
it is supposed that punching failure is initially generated and followed by fibre breakage
before delamination occurs at the back side interfaces of the laminate. The relative
thickness of each damage process depends on overall laminate thickness.

Accordingly, CFRP laminates toughened with interlayers have been developed to
improve interlaminar fracture toughness to constrain initiation and propagation of
delamination. Thus far, only a few study has been carried out regarding comparison of
microscopic damage in CFRP laminates toughened with interlayers between low- and
high-velocity impacts. Furthermore, to the author knowledge, no numerical model has
been developed to reproduce the impact damage processes in this type of laminate.
Therefore, this study aims to thoroughly characterize and model the microscopic damage
of CFRP with toughened interlayers subjected to both low- and high-velocity impacts
through experiment characterization and numerical modelling.

The material used in this study was T800S/3900-2B (Toray Industries Inc.), CFRP
laminates toughened with interlayers, employed in aircraft structure (B787). The fiber
strength of this material is about 10% higher than that of T8B00H/#3900-2 used in B777
aircraft. The stacking sequence was cross-ply lamination [0%90°]s. First, low-velocity
impact testing was performed by using a drop-weight apparatus developed in the
laboratory. Meanwhile, high-velocity impact testing was carried out using a ballistic
impact testing machine. The damage observed in the experiment was then reproduced via
numerical modelling using commercial finite element analysis (FEA) software
(ABAQUS/Explicit). In addition, a user subroutine program (VUMAT) was also
incorporated in the FEA software for failure modelling. The laminate consisting of the



base ply and the interlayer was modelled as elastic solid elements, whereas the impactor
was modelled as a rigid body. The delamination was considered by introducing cohesive
elements which were inserted not only within the base ply, but also between the base ply
and the interlayer to reproduce both intralaminar and interlaminar delaminations.

It is found from the experiment results that the splitting cracks on the front surface
of the laminate propagate in the fiber direction in the high-velocity impact. In contrast, in
the low-velocity impact, the cracks normal to the fiber direction are generated on the front
surface. The cracks on the front surface are generated due to high compressive stress in
the fiber direction (0°-direction) during the impact. The degree of damage is relatively
large in the high-velocity impact even though the deformation is localized. In contrast, in
the low-velocity impact, the damage is relatively mild because the ratio of dissipated
energy to incident impact energy is larger than that in the high-velocity impact.

In addition, the interlaminar delamination tends to propagate in the fiber direction for
both impacts, resulting in a galaxy shape delamination. It is also interesting to note that
not only the interlaminar but the intralaminar delaminations are generated inside the
laminate. With regard to the role of toughened interlayers, the interlayers suppress the
delamination when the incident impact energy is smaller than the threshold value
(approximately 0.18 J). Furthermore, the high fracture toughness of the interlayers
sometimes produces the transition of interlaminar delamination to intralaminar
delamination.

Apart from experimental characterization, numerical modelling was also
successfully developed. The comparison between experiment and numerical modelling
indicates that the present numerical modelling can reproduce the damage pattern
including intralaminar delamination. The simulation considering both interlaminar and
intralaminar delaminations gives better agreement with the experiment result of the
deflection rate in the deflection-time curve.

In conclusion, the novel finding in this research is the generation of intralaminar
delamination in this type of laminate which is never observed in conventional CFRP
laminates. Furthermore, the simulation with cohesive elements which express both
intralaminar and interlaminar delaminations provides better result than the simulation
with cohesive elements for interlaminar delamination only.
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CHAPTER 1: INTRODUCTION

1.1 Background

Advanced composite materials have been used in many applications due to its

favourable properties such as specific strength and stiffness. For instance, the adoption of

carbon fiber reinforced plastics (CFRPs) as a major contribution to the aircraft structures

in the late 1960s such as trim tabs, spoilers, rudders, and doors. During this time, CFRPs

employed brittle epoxy resin as a matrix material resulting poor tolerance to low-energy

impact due to runaway debris thrown up by the aircraft wheels and impact during

manufacture or subsequent maintenance. However, the properties of the CFRP has been

improved since then by introducing newer epoxy resin system as well as utilizing

thermoplastic material as matrix, for example, polyether-ether-ketone (PEEK) [1].

During 1980s, CFRP was applied in a vertical tail of aircraft as representative for an

advanced composite materials. The recent generation of airplanes used composite

materials for all main wings and fuselages, leading to superior fuel efficiency and life

sustainability [2]. The new Dreamliner 787 was designed almost entirely with high

performance carbon fiber materials including the stabilizers, wings and fuselages, which

represents 50% of aircraft structural weight. Furthermore, the fuel efficiency was
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improved nearly 20% from previous Boeing’s top selling aircraft B777 [3]. Figure 1.1

depicts the materials used in Dreamliner 787 body [4].

Materials used in 787 body

Fiberglass M Carbon laminate composite - Total materials used
M Aluminum I Carbon sandwich composite © By weight
_ Aluminum/steel/titanium : Other
steel 3% composites

10% 50%

itanium
15%

Aluminum
20%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.

Figure 1.1: Materials used in Dreamliner 787 body [4].

Generally, the composite materials are produced by laying up the thin resin

impregnated and aligned fiber layers (also known as prepreg) with optimized fiber

direction in each layer using autoclave [2]. The composite laminated structures are

reinforced by fibers only on the plane and there is no reinforcement in through-thickness

direction. Thus, the interlaminar strength in laminated composite materials is still one of

the design limiting factor for the laminate structures [5]. In order to improve the

interlaminar fracture toughness, an interlayer is often introduced by replacing the resin at

prepreg surface to a tougher system such as the inclusion of thermoplastic particles [6].
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It has been reported that Mode | and Mode Il interlaminar fracture toughness improved

after adding the tough adhesive layers [7].

Boeing published material specifications in early 1980s that emphasized the impact

resistance with a major application to primary structures. Compression after impact (CAI)

was chosen as damage tolerance index and has to increase two folds from the

conventional materials. In order to satisfy the requirement, it is necessary to improve the

impact resistance of the matrix resin maintaining heat resistance while improving the

strength of the reinforced fibers significantly. The technological issue was to achieve both

hot-wet characteristics and impact resistance characteristics which were mutually

exclusive and trade off each other.

Apart from CAl, the delamination growth is also a common failure in composite

laminates induced by impact loading and need to be addressed. The delamination

propagation could be prevented by increasing the toughness of the interlayer at matrix

resin zone. Since there is a correlation between the CAIl and delamination area, it is

believed that CAIl can be improved by adopting similar approach as to halt delamination

growth.

Therefore, new particulate interlayer toughening technology was developed to

improve the toughness at the interlayer. This technology was achieved by combining

15



thermoset resin (epoxy) and thermoplastic particles. When the impact is subjected to the

laminate, crack propagates through the interlayer zone and destroying the thermoplastic

particles to consume the energy, hence preventing the crack to further propagate. Epoxy

resin is used due to high elastic modulus, good processability and heat resistance, whereas

thermoplastic particles possess high fracture toughness. Epoxy resin is used as base

matrix resin and thermoplastic particle is dispersed in both sides of prepreg.

In this regard, new epoxy matrix resin, 3900-2, was developed by Toray Industries

Inc. that exhibits an excellent impact resistance and no degradation in heat resistance

when laminated. Furthermore, high performance carbon fibers, TORAYCA T800H,

which the strength is 50% higher than standard grade carbon fibers, TORAYCA T300

was also developed prior to 3900-2 epoxy resin.

As a result, high toughness laminate TORAYCA Prepreg P2302 was realized by

combining high strength carbon fiber, TBOOH and high toughness epoxy resin, 3900-2.

This material was successfully passed the specification of high toughness materials by

Boeing, thus, it was applied in primary structures of Boeing B777 [8].

As mentioned earlier, in a development of Boeing 787 Dreamliner, the composites

account for 50% of aircraft’s structural weight and most of the composites are from Toray

Industries’s trademark TORAY CA 3900-series highly toughened carbon fiber reinforced

16



epoxy. The carbon fiber used is T800S type (intermediate modulus) and it is different

from the previous T800H with a better modulus elasticity and strength. It is also the result

of improved carbon manufacturing processes resulting in higher production rate and

better availability [9]. Figure 1.2 depicts the prepreg of CFRP toughened with interlayer.

1.2 Problem Statement

Numerous studies have been carried out with regard to CFRP subjected to impact

loading. For example, comparing the impact response and damage between low-velocity

and high-velocity impact [10][11][12], effect of resin and fiber properties on impact

damage [13][14][15], effect of impact damage on mechanical properties [16][17][18].

The studies demonstrate that even though CFRP has a superior elastic strength, it is

still vulnerable to impact loading and the damage generated is different between low-

velocity and high-velocity. As such, a number of methods have been introduced to

improve the impact damage resistance of CFRP. For instance, toughened interlayer by

using particle [19][20], film insertion [21][22], toughened interlayer by using nano-fibers

[23]. In addition, the damage mechanisms may also differ amongst the laminate of

different toughening method. Therefore, it is essential to characterize the damage

mechanisms for assessing the effectiveness of the toughening method to improve the

17



Impact resistance.

Despite experimental characterization, several numerical models have been proposed

by various researchers to model the damage mechanisms of CFRP laminates due to

impact [24][25][26][27][28]. All types of failures such as delamination, fiber breakage,

matrix cracking were considered in the modelling.

To date, there is only a few study has been carried out regarding microscopic damage

of CFRP laminate toughened with interlayers when subjected to low- and high-velocity

impacts. Bull et al. [20], has made a good start by elucidating the microscopic damage at

low-velocity impact. Morita et al. [11][12], on the other hand, studied the comparison

impact damage of CFRP laminate with toughened interlayers between low-velocity and

high-velocity impacts. However, the damage is not thoroughly characterized. At present,

to the author knowledge, no numerical model has been developed to reproduce the

damage processes in this type of laminate.

Therefore, this study aims to thoroughly characterized and model the microscopic

damage of CFRP laminates with toughened interlayers when subjected to both low- and

high-velocity impacts by using experiment characterization and numerical modelling.

The overall research methodology is depicted in Figure 1.3.

18



Thermoset Resin Thermoplastic Resin

i - High fracture toughness
- Good processability

- High elastic modulus

Base matrix resin Toughening material
- Spread throughout the - Deposited selectively on the
prepreg surface layer as a fine particle

00000000000000000000«

Carbon fiber—»
00000000000000000000, |

|

Thermoset/Thermoplastic
hybrid matrix resin

J Lay-up and cure

Carbon fiber——

L) .o. 000000000 Thermoplastic particles
Carbon fiber—> S5 5 005 Oo%%%é%@

000000 .‘%0.0.....

Toughened CFRP

- High fracture toughness
- High elastic modulus

Figure 1.2: CFRP toughened with interlayer prepreg. Reproduced based on Odagiri
etal. [8]
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Characterization of Microscopic Impact Damage
CFRP with Toughened Interlayers

]
{

Experiment \ Numerical modelling v
|
¥

Low-Velocity Impact High-Velocity Impact ‘ PREPROCESSING
i External Damage B VUMAT USER
Pattern Observation SUBROUTINE

Internal Damage FE SOLVING AND

Pattern Observation = POST-PROCESSING

A4

MICROSCOPIC DAMAGE MECHANISMS

Figure 1.3: Overall research methodology.
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1.3 Objective of Research

The objectives of this study are as follows:

1. To characterize the microscopic damage mechanisms of CFRP with toughened

interlayers when subjected to low- and high-velocity impacts.

2. To develop numerical model of microscopic damage mechanisms of CFRP

laminate with toughened interlayers when subjected to low-velocity impact.

3. To compare the damage mechanisms of CFRP laminate with toughened

interlayers between experiment and numerical modelling.

1.4 Outline of Thesis

This thesis comprises of six chapters as depicted in Figure 1.4. Firstly, Chapter One

outlines the background, problem statement and objectives of the research. Then, the

experimental setup is elucidated in Chapter Two. It describes the material preparation,

low- and high-velocity impacts testing apparatus as well as equipment used to observe

the damage after the impact. In Chapter Three, numerical modelling is described in detail

such as constitutive modelling of the laminate, failure criterion, delamination modelling

as well finite element modelling of the laminate. Chapter Four discusses the

characterization of microscopic damage of the laminate when subjected to low- and high-

21



velocity impacts. It explains the comparison observed in low- and high-velocity impacts

as well as the different between toughened and untoughened laminate. Meanwhile,

numerical modelling and experimental characterization of impact damage due to low-

velocity impact are compared and discussed in Chapter Five. Lastly, general conclusion

of this research is concluded in Chapter Six.
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CHAPTER 4

CHAPTER 6

Introduction

-Background study
- Objective

A

Experiment

- Low-velocity impact testing
- High-velocity impact testing

A

Numerical modelling

- Material modelling
- Damage modelling
- Finite element model

b,

Characterization of microscopic
damage due to low-velocity and
high-velocity impact

- Comparison between low- and high-velocity
impact damage

Experimental and numerical characterization
of damage due to low-velocity impact

- Comparison between experiment and numerical
modelling of damage due to low-velocity impact

A4

Conclusions and future work

Figure 1.4: Outline of thesis.
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CHAPTER 2: EXPERIMENT

2.1 Introduction

In this chapter, the experimental procedure is discussed in detail. Firstly, the material
preparation is explained. After that, the experimental setup for both low-velocity and
high-velocity impacts is described. The explanation includes the type of impactor, fixture
and the equipment used. Finally, the damage observation method is elaborated especially

with regard to the equipment used in this study.

2.2 Material Preparation

The material used in this study was T800S/3900-2B manufactured by Toray
Industries Inc. It is a type of CFRP laminate toughened with the interlayers. The fiber
strength of this material is about 10% higher than that of T800H/#3900-2. The stacking
sequence was cross-ply lamination [0%90°).s. Hereafter, the top and bottom plies are
denoted as 0° plies. The total thickness of a cured laminate was 1.6 mm. The laminates
were cut into square specimens of 55 mm wide and long by using diamond saw cutter
equipped with diamond blade. Figure 2.1 depicts the schematic diagram of the specimen,

whereas Figure 2.2 depicts the diamond saw cutter.
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Figure 2.2: Diamond saw cultter.

Figure 2.3 presents the fixture jig supporting the specimen used in the low- and high-

velocity impact tests. The target specimen was rigidly fixed along its four sides by a

square frame with inner width of 50 mm. Hence, this support allows bending deformation

of the target during both impact loads.
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2.3 Low-Velocity Impact Testing Apparatus

Low-velocity impact test was conducted by using a guided drop-weight test jig
illustrated in Figure 2.4. The impactor consists of a 15 mm diameter circular rod and a
1.5 mm diameter circular rod with the hemispherical tip whose diameter is the same as
the projectile diameter for high-velocity impact test. The mass of impactors used was 62
g (Figure 2.5), 70.4 g (Figure 2.6) and 150 g (Figure 2.5). The impactor with a mass of
150 g is realized by screwing the additional mass to the impactor with a mass of 62 g.
During the experiment, the impactor was suspended by a cable at a predetermined height
to be dropped by free fall. The stopper was inserted to prevent the impactor from multiple
impacts onto the specimen.

The drop height H in the low-speed impact test was predetermined from the kinetic

energy Eimpace Of the projectile in the high-velocity impact test as follows:

_ Eimpact (2.1)
Mg

with

1 2.2
Eimpact = Emvz = MgH (22)

where M is mass of the low-velocity impactor, g is gravitational acceleration, and m and
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v are mass and velocity of the high-velocity projectile, respectively. As mentioned above,

the supporting conditions of the specimens, diameter of the projectile and the tip of

impactor, and incident energy, which is variable, are the same in both impact tests.

Fix;ure frame

@] O ]

O
A T TTTTTT T T TA

55 mm .;‘O ]

Spacer Specimen

(b)

Figure 2.3: (a) Fixture jig for low- and high-velocity impact tests and (b) detail
illustration of the fixture [65].
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High-speed
camera

Guide tube

Specimen

Jig

|

Figure 2.4: Schematic diagram of drop-weight test jig for low-velocity impact test [65].

60

A

(ii)
Figure 2.5: Illustration of (i) the impactor (62 g) and (ii) the additional mass
(unit: mm) [65].
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D15

Figure 2.6: Illustration of the impactor (70.4 g) (unit: mm) [65].

The rebound height of the impactor and the deflection of the specimen were measured

with the aid of a high-speed camera, which took a movie during the impact test. The frame

rate was set 100000 fps and the deformation of the laminate was measured by using image

analysis software, Cine Viewer Application CV 2.5.

2.4 High-Velocity Impact Testing Apparatus

Figure 2.7 illustrates a high-velocity impact testing machine (Maruwa Electronic

Inc.) used in the experiment. The machine consists of a control unit for the power source

and a chamber in which a projectile is fired at a target as well as a speed detector

connected with a data logger. Steel balls with a diameter of 1.5 mm were used as

projectiles. The projectile was set in a sabot and accelerated at high-temperature and high-

pressure metal plasma. The metal plasma was generated by melting and evaporating an
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aluminum foil subjected to high-voltage pulse current. The impact speed was
approximately controlled by adjusting the applied voltage and precisely calculated from
the period of time during which the projectile travels the prescribed distance (300 mm) in
the speed detector. The velocity can be varied in the range of 40 m/s to 1500 m/s. When
firing, the sabot was stopped at the opening of the gun and only the projectile was shot

by inertia.

Speed detection

7

Data logger

Speed detection ; .

Electroheat gun

! Specimenﬂ

Chamber

Power source
control panel

Figure 2.7: Schematic diagram of high-velocity impact testing machine [65].

2.5 Damage Observation Method
After the impact test, the damage on the specimen surface was observed by using

stereoscopic microscope (OLYMPUS, SZX9) as depicted in Figure 2.8. Then, the internal
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damage was quantitatively evaluated using soft X-ray radiography (SOFTEX M100) as
depicted in Figure 2.9. Moreover, several specimens were cut for detail observation of the
microscopic damage state on the cross-sections beneath the impact point. The observation

was made by using optical microscope (OLYMPUS, BX60M) as depicted in Figure 2.10.

Figure 2.9: Soft X-ray radiography.
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Figure 2.10: Optical microscope.
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CHAPTER 3: NUMERICAL MODELLING

3.1 Introduction

This chapter describes the numerical modelling employed in this study. The

modelling is applied on a commercial FEA software namely, ABAQUS/Explicit. Firstly,

the constitutive modelling of CFRP and the interlayer is described. After that, base ply

failure criterion and delamination modelling are elucidated. Lastly, finite element model

is explained. The overall modelling process in ABAQUS/Explicit is depicted in Figure

3.1.

3.2 Constitutive Modelling

For the purpose of this study, the laminate was modelled as bilayer plies consisting
fiber layer (base ply) and the interlayer as a toughening agent. The base ply layer was
modelled as an orthotropic elasticity whereas, the interlayer as an isotropic perfect elasto-
plastic material. The base ply was defined by the nine independent elastic stiffness
parameters. The stress-strain relations are of the form [29]:
(3.1)

o = D¢

and in matrix form:
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- p

(0-11] Di111 D112z Diiss 0 0 0 (811
022 D3322  Daz33 0 0 [ €22 |
i 033 ? — D3333 0 0 0 1 €33 } (3.2
012 Dy O 0 V12
0-13) Sym D1313 0 yl3}
023 K """ D353 / Y23
with
Di111 = E1(1 — v3v32)Y (3.3)
D3322 = E5(1 —v43v31)Y (3.4)
D3333 = E5(1 — v13V51)Y (3.5)
Di122 = E1(V21 + v31V23)Y (3.6)
Di133 = E1(V31 + v21V32)Y (3.7)
Dj333 = E3 (V32 + vi3v31)Y (3.8)
Di212 = Gy2 (3-9)
Di313 = Gy3 (3.10)
Dj323 = G (3-11)
where
Y = 1 (3.12)

1 —vi3Va1 — VazVsp — V31 Vi3 — 2Va1V3Vs3
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On the other hand, the stress-strain relationship of the interlayer is given by:

€11 /-1/E —v/E —v/JE 8 8 8 ) (311\
£ —v/E 1/E —v/E 22
322 -v/E —v/E 1/E 0 0 0 4033 L (3.13)
Yo [~ 0 0 0 1/6 0 0 012
Vi3 0 0 0 0 1/6 0 L013J
o
Vas \ 0 0 0 0 0 1/G / 23
The material properties for both base ply and the interlayer is summarized in
Table 3.1.
Table 3.1: Material properties of CFRP with toughened interlayers.
Base ply [30] Interlayer
Longitudinal E; 151
Young's modulus E
4.6 [30]
(GPa)
Transverse E; = Es 9.16
G12=0G13 4,62
Shear modulus G (GPa) 1.6 [30]
G23 2.55
. . V12 = V13 0.302
Poisson's ratio v 0.44 [30]
V23 0.589
Yield strength (MPa) 64 [31]
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Figure 3.1: Flow chart of ABAQUS/Explicit numerical simulation.
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3.3 Base Ply Failure Criterion
The maximum stress criterion was employed as a failure criterion for the base ply.
A user subroutine program (VUMAT) was incorporated in ABAQUS/Explicit software
to perform failure analysis by expressing the tensile failure in the fiber and transverse
directions, compressive failure in fiber direction and in addition to in-plane and out-of-
plane shear failure. Table 3.2 lists the type of failure applied in the modelling. The failure
is satisfied if: (3.14)
g_j >1
where o;; isstressand S;; strength. The strength of the base ply is summarized in Table
3.3. When the element was failed, the stiffness and stresses of the failed element were
degraded, considering the damage and stress transfer mechanism by following this
equation [32]:
Ejj=k

Ey; (3.15)

ij
where Ej; is the degraded elastic modulus, E;; elastic modulus and Fk;; is a
degradation rule or knockdown factor as listed in the Table 3.4. When one of the failure
criteria was satisfied, the stress components related to the damage mode were set to zero,

and the relevant stiffness was updated to the degraded value. The degradation factors

should be zero at a crack surface, but nonzero values were applied considering stress
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recovery in element and these values were fitted to the experiments [33].

In order to avoid non-realistic failure of the base plies at the vicinity of impact point,
compressive failure in the transverse and through-the-thickness directions was not

considered. On the other hand, no failure criterion was applied to the interlayers because

they act as crack arrestors as described later.

Table 3.2: Failure criterion for the base ply.

Fiber failure

Compression

Tension
(Longitudinal)

(Longitudinal)

3
‘ i 1 (Fiber direction)

2
Matrix damage
Tension
In-plane shear Out-of-plane shear
(Transverse)
0,00 go%o
- -
0%80 0%80 T §o°° 0 00
Al o o [oe
3 7 s ool
1 (Fiber direction) 03098 80
2
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Table 3.3: Strength of the base ply.

Direction of strength Strength (MPa) [34]
Tensile strength in the fiber direction 3108
Compressive strength in the fiber direction 719.4
Tensile strength in the transverse direction 67
In-plane shear strength 100
Out-of-plane shear strength 100

Table 3.4: Degradation rule.

Failure mode Knockdown factor, kij
Tensile (Longitudinal) 0.9
Compression (Longitudinal) 0.9
Tensile (Transverse) 1.0
In-plane shear 0.8
Out-of-plane shear 0.8
3.4 Delamination Modelling

The modeling of delamination was carried out based on the work by Camanho and
Davilla (2002) [35] and applied in ABAQUS/Explicit software [29]. The modelling was
applied to the interface element which was inserted between each ply. This interface
element is denoted as “cohesive element” in the software. The prediction of delamination
onset was based on stress failure criterion, whereas delamination propagation was based
on fracture mechanics concept. As the name implies, damage initiation refers to the

beginning of degradation of the response of a material point. The process of degradation
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begins when the stresses satisfy certain damage initiation criteria. Damage is assumed to
initiate when a quadratic interaction function involving the nominal stress ratios reaches
a value of one.

This stress failure criterion can be represented as [24]:

<(7V—”))2 + (%)2 + (%)2 -1 (3.16)

where oy, 05 and ot denote the traction stresses in normal, n and shear directions, s and t
respectively. Meanwhile, N, S and T denote the interlaminar strength in normal and two
shear directions respectively. Before the onset of delamination, the traction stresses can
be calculated by using similar penalty stiffness of mode I, 1l and Ill, K and the
separation/displacement, i : (3.17)
o; =Ké;;i=n,s,t

The initial response of the cohesive element is assumed to be linear. However, once
a damage initiation criterion is met, the material stiffness is gradually degraded in terms

of a damage variable, d. This variable is defined as:

A
S (S = 87

(3.18)

where 6,7%* refers to the maximum value of mixed-mode displacement attained during

loading history, 6,’; mixed-mode displacement at complete failure, &2, mixed-mode

displacement at damage initiation. Its value ranging from zero when the damage initiates
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and one when complete delamination generated in cohesive element. A typical linear
relationship of traction-separation model for fracture modes I, Il and 111 is depicted in the
Figure 3.2. The initial response of the cohesive element is linear elastic represented by
stiffness up to the interlaminar shear strength. Once it reaches the strength, the stiffness

will degrade based on damage variable, d and the damage will be initiated.

traction

A

O’n(as,at) .......................... g

: » displacement/
(s ) 5 (67,87 separation

Figure 3.2: Typical linear relationship of traction-separation response for mixed-
mode fracture.

The failure criterion to calculate delamination propagation was based on energy
release rates under mixed-mode loading; mode I, 1l and I11. The damage evolution can be
defined based on the energy that is dissipated as a result of the damage process, also called
the fracture energy. The fracture energy is equal to the area under the traction-separation
curve as depicted in Figure 3.3. The Benzeggagh-Kenane fracture criterion is particularly

useful when the fracture energies during deformation purely along the first and the second
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shear directions are the same [36]. The damage is assumed to grow for a mixed mode
fracture when the energy release rate is equal or greater than critical energy release rate,

GC.

G n
GC — GIC + (Guc . Glc){ sgear} (3.19)
T

where Ggpeqr = Gpp + Gy 1S an energy release rate for mixed-mode shear loading,
Gr = G; + Ggeqr total energy release rate and 5 a parameter obtained in the mixed-

mode bending experiment.

traction

»
>

52, s/ B separation

Figure 3.3: Linear damage evolution.
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The properties of the cohesive elements to simulate the delamination are given in

Table 3.5.
Table 3.5: Properties of cohesive elements.
. Interlaminar Intralaminar
Properties . A
delamination [34] delamination [6]
In-plane tensile strength (MPa
P gth (MPa) 80 60
N
In-plane and out-of-plane shear
160 100
strength S, T (MPa)
Mode | critical energy release
) 540 200
rate, Gic (J/m?)
Modes Il & 11 critical energy
) 1640 500
release rate, Guc & Guic (J/m?)
n parameter [32] 1.5 1.5

35 Finite Element Model

A quarter model 13.75 mm square was adopted for symmetry (see Figure 3.4). The

thickness of the base ply and the interlayer was 0.183 mm and 0.02 mm, respectively. 3D

deformable solid body elements (C3D8R) were employed for both base plies and

interlayers. In contrast, the impactor was assumed to be a rigid body with a hemispherical

head whose diameter was 1.5 mm. The initial velocity was applied to the projectile to

simulate the impact event. In addition, cohesive elements were introduced to express

delamination generated between the base ply and the interlayer as well as inside the base

plies as depicted in Figure 3.5. Hereafter, the former and the latter delaminations are
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denoted as interlaminar and intralaminar ones, respectively. The total numbers of

elements and nodes were 220,615 and 453,805, respectively.

On the other hand, in order to simulate the difference with and without intralaminar

delamination, cohesive elements were removed inside the base ply as depicted in Figure

3.6.

Figure 3.4: FEA model (units: mm) [66].
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Base ply

7

Cohesive element

I

Base ply

Figure 3.5: Insertion of cohesive elements in the FEA model at the interfaces of

interlayer and base ply as well as within base ply [66].

Cohesive elements

Figure 3.6: Insertion of cohesive elements in the FEA model at the interfaces of

interlayer and base ply only.

3.5.1 Interaction and Contact Modelling

General contact algorithm in ABAQUS/Explicit was used in this study for

contact modelling. The contact includes contact between impactor and the

laminate as well as internally adjacent plies of the laminate. This contact

algorithm has only a few restrictions compare to contact pair algorithm.

Furthermore, this contact allows the use of element based surface to model

element erosion during the analysis. General contact algorithm also creates

contact force based on the penalty enforcement contact method. The friction
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coefficient is used to account for shear stress of the surface traction with contact

pressure.

In general, the friction coefficient is determine by material stiffness and the

roughness of the surface. There is a suggestion from previous study to use 0.2 as

friction coefficient for 0°/0° laminate and 0.8 for the interface between adjacent

90° plies [24]. In the current study, an average friction coefficient of 0.5 was

chosen between the 0°/90° interface of cross ply laminate [32].

Another contact modelling used was tie constraint method. The purpose of

this contact method is to tie cohesive element surface to solid element surface to

ensure the continuity between these two types of elements. In this respect, the

solid element was regarded as master surface, whereas the cohesive element as

slave surface

3.5.2  Boundary Conditions

Based on the experimental setup, the laminate was clamped at it edges

(Figure 2.3). Thus, in the modelling, the edges of the laminate were fixed in all

axes (x =0,y =0, z=0). Since the laminate was a quarter model, symmetrical

boundary condition in x- and y-axis were applied at the cross section of the
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laminate (Figure 3.4). In addition, tie constraint was applied between cohesive
elements and solid elements of the laminate. On the other hand, the impactor was
fixed in x- and y-axis and allowed movement in z-axis only. Since the impactor
was modelled as a rigid body, the reference point was assigned at the nose of

impactor and the value of velocity in z-axis was assigned at the reference point.
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CHAPTER 4: CHARACTERIZATION OF MCROSCOPIC DAMAGE DUE TO

LOW-VELOCITY AND HIGH-VELOCITY IMPACT IN CFRPWITH

TOUGHENED INTERLAYERS

4.1 Introduction

Carbon fiber reinforced plastics (CFRPs) have been used in many applications

because of high specific strength and specific modulus as well as good fatigue properties.

For example, CFRPs have been used in primary structures such as a fuselage, wing and

turbofan engine of recent civil aircraft. In general, CFRPs are vulnerable to out-of-plane

impact load, which may cause internal and external damage, leading to reduction of the

strength and the stiffness of CFRP. The damage due to low-velocity impact like tool-drop

can be classified into clearly visible impact damage (CVID) or barely visible impact

damage (BVID). In the latter case, although only the small dent is created on the laminate

surface, large-scale damage including matrix cracking and delamination is often

generated inside the laminate. In contrast, high-velocity impact produces clear evidence

such as a crater on the surface in addition to more catastrophic failure than low-velocity

impact.

A lot of work has been conducted on low- and high-velocity impacts damage. Abrate

[37][38][39] made an extensive review on impact dynamics, damage modes, failure
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criteria and residual properties for low-velocity impact as well as ballistic limit and

ballistic impact damage for various kinds of composites. Regarding high-velocity impact,

Goldsmith et al. [40] carried out both quasi-static and ballistic impact tests for CFRP.

They suggested that the damage process includes global plate deflection, fiber failure,

crack propagation, petaling, delamination, hole enlargement and friction. Lopez-Puente

et al. [41] investigated quasi-isotropic and woven laminates subjected to high-velocity

impact and their dependency on temperature. The delaminated area of the quasi-isotropic

laminates is greater than the woven laminates for any given impact velocity and

temperature. Tanabe et al. [42] studied the fracture behavior of CFRP using different types

of carbon fiber and they concluded that the mechanical properties at rear layers contribute

to improve the energy absorption. Hazell et al. [43] studied damage mechanism of CFRP

when subjected to normal and oblique impact at a high velocity.

On the other hand, in terms of low-velocity impact, Mitrevski et al. [44] studied the

effect of various projectile shapes, namely, hemispherical, conical and ogival. Conical

and ogival impactors generate permanent indentation and penetration whereas a

hemispherical impactor produces BVID. The characteristics of low-velocity impact

damage and its residual tensile strength were investigated by Wang et al. [17]. They

observed that two different tensile damage modes are produced after different impact
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energies. Heimbs et al. [45] studied impact load coupled with a pre-stress condition and

found that delamination is a major energy absorption mechanism.

In order to improve the out-of-plane mechanical properties of composite laminates,

several methods have been developed, for example, stitching [46][47][48], matrix

toughening [49][50], critical ply termination and edge cap reinforcement [51]. One of the

technique to increase the interlaminar fracture toughness is to introduce toughened

interlayers including toughening particles or nanofiber. Several studies on low-speed

impact for such CFRP laminates have been performed by Ito et al. [52], Bull et al. [20],

and Xu et al. [22]. Morita et al. [11][12] studied the low-velocity and high-velocity (up to

130 m/s) impact damage for three types of material systems, carbon fiber/polyether-ether-

ketone (CF/PEEK), CF/polyether-ether-ketone (CF/PEEK) with interlayers and

CF/epoxy with toughened interlayers (T800H/#3900-2, Toray Industries Inc.). They

found that both low- and high-velocity impacts damage primarily consists of matrix

cracking and delamination. Consequently, the failure modes for both impact tests become

similar while the damage area is larger in high-velocity impact. Moreover, they focused

on the final damage state and discussed the relationship between damage area and the

impact energy.

When a fan blade-out event in a turbofan engine is considered, a composite fan case
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needs to bear the impact with a velocity near and/or higher than the sound velocity.

Recently, Yashiro et al. [33][53][54] have studied the high-velocity (up to 900 m/s) impact

damage process of CFRP laminates. They have experimentally characterized microscopic

damage state and numerically reproduced the damage process using a smoothed-particle

hydrodynamics (SPH) method. However, the difference of microscopic damage process

between high- and low-velocity impact tests has not thoroughly been investigated for

CFRP with toughened interlayers. In addition, the effect of toughened interlayers on low-

and high-velocity impacts damage is not fully understood yet because the delamination

behavior depends on the loading mode.

This chapter aims at characterizing microscopic damage in CFRP cross-ply laminates

with toughened interlayers. The microscopic damage state is compared in detail between

low- and high-velocity impact tests. Both impact tests were performed under the same

conditions except for impact velocity. Since the present study simulates damage due to

the fan blade-out event by broken fan blade pieces, the tip diameter of impactor and

projectile is small. Instead, the impact damage was observed for a wide range of velocity

while the incident energy range is relatively small. As a result, the degree of damage

varies widely from BVID to perforation with fiber breakage. In addition, the effect of

interlayers on impact damage is elucidated by means of microscopic damage observation,
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being focused on crack propagation in the vicinity of the interlayers.

4.2 Low-Velocity Impact

Figure 4.1 depicts the damage generated on the front surface of the laminate at

specified impact velocities and energies. A specimen with the highest velocity and energy

(Figure 4.1(d)) is fully penetrated by the impactor. All the specimens except specimen 1

have a dent or a crater with two cracks propagating in the transverse (normal to the fiber)

direction while any splitting cracks parallel to the fiber direction are not generated. In

contrast, the splitting cracks as well as bulging area are observed on the back surface of

the laminate as depicted in Figure 4.2. These cracks were generated only when the impact

energy is the highest (E = 2.92 J).

Typical soft X-ray photographs of the laminates are presented in Figure 4.3. The

delamination propagates chiefly in the fiber direction, while the delamination propagation

in the transverse direction is limited. The laminates without full penetration (Figures

4.3(a) and 4.3(b)) exhibit a peanut-shape delamination while the delamination in the

laminate with full penetration is in a galaxy-shape (Figure 4.3(c)).

Figure 4.4 shows optical micrographs of cross-sections of the specimens after low-

velocity impact. The interlayers are observed as resin-rich layers between the base 0° and
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90° plies. It should be noted that the fiber directions in the top and bottom plies are normal
to the photographs. Figure 4.4(a) depicts the cross-section of the specimen 1 for v = 2.4
m/s and E = 0.18 J. No internal damage is observed. Figure 4.4(b) depicts the damage

state beneath the impact point forv=4.9 m/sand E = 0.74 J.

Crack
Dent

Fiber direction
4 —

Fiber direction
< >

(a) Specimen 1, m=62¢g;v=24m/s; E=0.18J
(b) Specimen2; m=62g;v=49m/s; E=0.74 J
Dent Crack

Fiber direction
B >

Fiber direction
< > - F—>

(c) Specimen 3; m=62g; v=6.0 m/s; E=1.13 J (d) Specimen 4; m = 150 g; v = 6.0 m/s; £ =2.92J

Figure 4.1: Damage on the front surface of the laminates after low-velocity impact
[65].
A dent, delamination and matrix cracks including bending cracks in the bottom ply
and cone cracks in the middle plies are generated. The matrix cracks in the top ply are

separated into two lateral cracks, one of which is delamination at the interface between

the top ply and the first interlayer (arrow A), and the other is the lateral crack in the top
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ply (arrow B). Hereafter, this lateral crack is referred to as intralaminar delamination.

Several bending cracks in the bottom ply is supposed to be due to global bending

deformation during impact. Most of the matrix cracks stop at the interface between the

base ply and the interlayer (arrow C). Figure 4.4(c) depicts the damage state for v = 6.0

m/s and E = 1.13 J. The damage state is similar to that in Figure 4.4(b) although slight

permanent deformation is observed after impact.

Bulging

Multiple
splitting

Fiber direction
< »

Specimen4; m=1509g; v=6.0m/s; E=2.92J
Figure 4.2: Damage on the back surface of the laminate after low-velocity impact

[65].
Fiber direction 15 mm Fiber direction 15 mm
D « > +—> e
(a) Specimen 2; m=62g; (b) Specimen 3; m=62g; (c) Specimen 4; m =150 g;
v=49m/s; E=0.74J v=6.0m/s: E=1.13J v=6.0m/s; E=2.92J

Figure 4.3: Soft X-ray photographs of the laminates after low-velocity impact [65].
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Figure 4.4(d) presents the damage state for v =6.0 m/s and E = 2.92 J. Although the

impact velocity in Figure 4.4(d) is the same as that in Figure 4.4(c), the impactor fully

penetrates through the specimen because impact energy is higher due to increasing mass.

The impact area on the top surface is no longer a dent but a crater with bulging and all

the plies including interlayers break in the penetration region. In the vicinity of the

penetration region, interlaminar delamination (arrows D) as well as matrix cracks (arrows

E) are generated. The bottom ply bends downward and some broken fibers peel off from

the laminate (see Figure 4.2). This damage state is quite different from the above two

conditions and rather similar to high-velocity impact damage state as will be shown later.

4.3 High-Velocity Impact

Figure 4.5 depicts the damage generated on the front and the back surfaces of the

laminates after the high-velocity impact test. A crater and multiple splitting cracks

propagating in the fiber direction are observed for three impact velocities. It is found that

the length of the splitting cracks becomes longer as the impact velocity or energy

increases. The several broken fibers inside the crater peel off from the laminate. On the

other hand, the damage state on the back surface differs among the three velocities. At v

=160 m/s, the damage is barely visible on the back surface. A small bulge is generated at

v = 327 m/s whereas no cracking is observed. At v = 651 m/s, the laminate is fully
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perforated by a projectile, and multiple splitting cracks with fiber breakage appear on the

back surface.

&=

(a) Specimen 1; m=62g;v=24m/s; E=0.18J

Delamination (Interlaminar) MBI GRGiFg

SSEeommTT e

L P—————

] e Overall view
Bending cracks

—_—

magnified view ii

(b) Specimen 2; m=62g;v=49m/s; E=0.74 J

Figure 4.4: Damage states beneath the impact point of the laminate after low-
velocity impact [65].
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Matrix cracking Delamination (Interlaminar)

Bending cracks Overall view

Cone
cracks

magnified view i

(c) Specimen 3; m=62g;v=6.0m/s; E=1.13J

Delamination Fiber breakage Crater Matrix cracking
(Interlaminar) BN

magnified view i

magnified view i

(d) Specimen4; m=150g; v=6.0m/s; E=2.92J

Figure 4.4: Continued
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Fiber direction
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(a) Specimen 5; m = 13.8 g; (b) Specimen 6; m = 13.8 g; (c) Specimen 7; m = 13.8 g;
v=160m/s; E=0.18 ] v=327Tm/s; E=0.74] v=651m/s; E=2.92]

Figure 4.5: Damage on the front and back surfaces of the laminates after high-
velocity impact [65].

Figure 4.6 presents soft X-ray photographs of the specimens after the high-velocity
impact test. The fiber direction of the top and bottom plies is indicated by the arrow. At
lower velocities (Figures 4.6(a) and (b)), the difference of delamination length between
the fiber and transverse directions is minor. However, in the specimen after full
penetration (Figure 4.6(c)), the delamination is in a galaxy-shape and is much longer in
the fiber direction. As a result, the shape of delamination after high-velocity impact is

similar to that after low-velocity impact with high impact energy.
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6*‘ . -1:—:* -

Fiber direction 15 mm Fiber direction 15 mm
“—> <« <y
(a) Specimen 5; v =160 m/s (b) Specimen 6; v =327 m/s (c) Specimen 7; v =651 m/s

Figure 4.6: Soft X-ray photographs of the laminates after high-velocity impact [65].

Figure 4.7 shows the cross-sectional views of the damage generated beneath the

impact point for three velocities. Even when the impact velocity is relatively low (Figure

4.7(a)), both a crater and matrix cracking are observed in the top ply. In addition, the

delamination is also generated at the interface between the interlayer and the base 0° ply

(arrow A), not in the interlayer. At a middle impact velocity (Figure 4.7(b)), a crater,

matrix cracking including cone cracks and bending cracks and fiber breakage are

generated in all the plies. Most delaminations are generated at the interface between the

interlayer and the base ply (arrows B) although several cracks are observed inside the

interlayer (arrows C).

At the highest impact velocity (Figure 4.7(c)), the specimen exhibits a catastrophic

damage state consisting of a crater, matrix cracking and fiber breakage as well as large-

scale delamination. It is interesting to note that the intralaminar delamination is generated

in the laminate at this velocity only. For example, the delamination at the interface

59



between the interlayer and the base ply (arrow D) is connected with the intralaminar

delamination (arrow E).

Matrix cracking Delamination (Interlaminar)

Interlayer

- B o

—

Fiber direction
<« >

R ——
Overall view magnified view i)

(a) Specimen 5; m=13.8g; v=160 m/s; E=0.18 J

Delamination (Interlaminar) ~ Crat€r pejamination (Intralaminar)

Matrix cracking ¢

Cone

Fiber direction
cracks

——=3 magnified view i)
Overall view

magnified view ii)

(b) Specimen 6; m=13.8g; v=327 m/s; E=0.74 J

Figure 4.7: Damage states beneath the impact point of the laminates after high-
velocity impact [65].
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Figure 4.7: Continued

4.4 Comparison of Damage between Low- and High-Velocity Impacts

As shown in the experimental result, low- and high-velocity impacts produce

different damage states. The schematic illustrations for low- and high-velocity impacts

damage are depicted in Figures 4.8 and 4.9, respectively. The damage mode for low-

velocity impact is almost the same as that for high-velocity impact since the damage

consists of a dent or crater, matrix cracking, interlaminar delamination, intralaminar

delamination and fiber breakage. The delamination shape is also similar between the both

impacts although the delamination size is different as shown later.
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However, several differences between the two impact damage states are found from

the microscopic observations. First, a crater with multiple splitting cracks are generated

on the surface of the laminate subjected to high-velocity impact. Similar damage is

observed in a general-purpose CFRP laminate [53]. The splitting cracks are generated

probably because local delamination beneath the impact point enables the shear

deformation of the top surface. In contrast, since such delamination is hardly generated

in low-velocity impact, fiber breakage occurs mainly due to compressive stress. Figure

4.10 shows fiber failure in the top ply which is presumed to be due to global deformation

of the laminate and the compression of the fiber during the impact [55][56]. Consequently,

two cracks propagating in the transverse direction from the dent or crater are generated

as shown in Figure 4.1.

Secondly, the splitting cracks on the back surface is observed for both impacts when

the impact velocity or energy is high (Figures 4.2 and 4.5). In the low-velocity impact,

the global deformation of the laminate produces bending cracks in the bottom ply, which

appears as the splitting cracks with bulging on the back surface. On the other hand, in the

high-velocity impact, local bending-induced tensile stress causes multiple splitting cracks

together with fiber breakage on the back surface [33].
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Figure 4.8: Schematic diagrams of low-velocity impact damage [65].
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Figure 4.9: Schematic diagrams of high-velocity impact damage [65].
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Thirdly, the damage state for the same impact energy but different impact velocity is
discussed. From Figures 4.4(b) and 4.7(b) (E = 0.74 J), the damage state in the high-
velocity impact seems to be much more severe than that in the low-speed impact. In the
high-velocity impact, a deep crater, delamination, cone cracks and bending cracks are
observed from the top to the bottom plies in that order. In contrast, in a low-velocity case,
a dent, matrix cracking and delamination are generated only in the top ply in addition to
a few bending and cone cracks in the lower plies.

In general, the energy balance during impact is expressed as;

Eimpact = Erebound T Edamage 1 Edissipated (4.1)
where Ejmpace denotes the incident impact energy, Erepouna the Kinetic energy of the
rebounding impactor, Egamage the energy consumed by generation of damage and
Egissipatea the energy dissipated as vibration, heat, inelastic deformation of the impactor
or the fixture and so on [57]. In the low-velocity impact without full penetration,
Egissipated 1S relatively larger than Eg,mage due to global deformation while Egamage IS
dominant in the high-velocity impact because of local deformation [54]. As a result, the
degree of damage becomes greater in the high-velocity than in the low-velocity impact
for the same incident impact energy. However, when full penetration (Figures 7(d) and

10(c) (E = 2.92 J)) occurs, the damage state is very similar. This is probably because the

66



ratio of Egamage 10 Eimpact INCreases with increasing impact velocity in the low-velocity
impact test.

Finally, delamination area for both impacts is plotted against incident impact energy
in Figure 4.11. The delamination area increases with impact energy for both impacts.
Contribution of matrix cracking to energy dissipation is supposed to be small. Fiber
breakage requires greater impact energy, however, fiber breakage area is much smaller
than delamination area. Accordingly, the energy dissipation due to damage is mainly done
by delamination. Moreover, as mentioned above, most part of the incident impact energy
is consumed by damage generation in the high-velocity impact since the deformation is
local. In contrast, the greater part of incident impact energy is absorbed by global
deformation in the low-velocity impact. As a result, the high-velocity impact exhibits
delamination area larger than the low-velocity impact for the same incident impact
energy. In addition, Figure 4.11 indicates that the threshold incident impact energy is
approximately 0.18 J for both impacts. Numerical simulation including interlayers is

necessary to quantitatively discuss the damage behavior and will be made in future work.
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Fiber failure

Figure 4.10: Fiber failure after low-velocity impact [65].

4.5 The Influence of Toughened Interlayers

The interlayers have a significant effect on both low- and high-velocity cases. It is
found from the microscopic observation that matrix cracking due to low-velocity impact
is clearly arrested by the interlayers (see the magnified views in Figures 4.4(b) and (c)).
However, in the low-velocity impact with high energy and the high-velocity impact,
matrix cracking does not always stop at the interlayer. This result suggests that matrix
cracking propagates to the interlayers when the impact energy density (impact energy per
volume) is greater than a critical value. In this case, impact energy cannot be fully
dissipated by cracking and plastic deformation of the interlayers.

As shown in Figure 4.7(c), interlaminar delamination sometimes transits to
intralaminar delamination. The Mode | interlaminar fracture toughness of a similar

composite laminate (T800H/#3900-2) is about three times as conventional CFRP
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laminates (T800H/#3631) [58]. This high interlaminar fracture toughness causes the

transition of the delamination in the toughened interlayer to that in the untoughened base

ply.

Figure 4.12 depicts the surface of delamination between the 7th and 8th plies just

below the impact point in the specimen after the low-velocity impact with the highest

impact energy (E = 2.92 J). The resin rich region is prominent on this fracture surface

although the base ply (arrow A) is partly observed. From this figure, it is concluded that

the delamination propagates at the interface between the bottom (7th) interlayer and the

bottom (8th) base ply. The fracture mode seems to be brittle because the surface exhibits

little plastic deformation. The delamination initiation and propagation modes below the

impact point are rather complicated because not only the stress state but also the damage

process can affect the modes. At the present stage, it can be said from the previous

numerical simulation [33] that Mode Il propagation becomes dominant as the

delamination propagates away from the impact point.
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Figure 4.12: SEM photo showing the surface of delamination in the specimen after
the low-velocity impact [65].
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4.6 Summary of the Chapter

The low-velocity and high-velocity impact damage in CFRP with toughened

interlayers was experimentally characterized in this chapter. Based on the results

obtained, it can be summarized as follows:

1. The splitting cracks on the front surface of the laminate propagate in the fiber

direction in the high-velocity impact. In contrast, in the low-velocity impact, the

cracks normal to the fiber direction are generated on the front surface.

2. The interlaminar delamination tends to propagate in the fiber direction for both

impacts, resulting in a galaxy shape delamination.

3. The degree of damage is relatively large in the high-velocity impact even though the

deformation is localized. In contrast, in the low-velocity impact, the damage is

relatively mild because the ratio of dissipated energy to incident impact energy is

larger than in the high-velocity impact.

4. The interlayers suppress the delamination when the incident impact energy is smaller

than the threshold value (approximately 0.18 J). The high fracture toughness of the

interlayers sometimes produces the transition of interlaminar delamination to

intralaminar delamination.
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CHAPTER 5: EXPERIMENTAL AND NUMERICAL CHARACTERIZATION

OF LOW-VELOCITY IMPACT DAMAGE OF A CFRP LAMINATE WITH

TOUGHENED INTERLAYERS

51 Introduction

Composite materials such as carbon fiber reinforced plastics (CFRPs) have been used

in various engineering applications in aircraft structure due to high specific strength and

modulus. Nonetheless, CFRP is still vulnerable to damage induced by out-of-plane impact

loading since such damage may reduce the strength and the stiffness of CFRP. The

damage due to low-velocity impact can be in the form of clearly visible impact damage

(CVID) or barely visible impact damage (BVID). The latter would be of concern since

the small indentations may be created on the laminate surface, covering the internal

damage which can have significant effect on strength, durability and

stability[17][20][39][59][60][61]. Therefore, the characterization of damage is essential

to improve the reliability of CFRP when subjected to low-velocity impact.

The low-velocity impact damage behavior of composite materials has been studied

by many researchers. Abrate [39] made a comprehensive review on various low-velocity

impact tests and their related damage mechanisms. In an extensive review by Richardson
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and Wisheart [59], the damage processes and modes of failure may differ depending on

the type of material systems. Hossaienzadeh et al. [14] compared the impact damage

among several fiber reinforced materials and proved that the damage area grows

unpredictably in CFRP with the increase of impact energy.

In order to improve the damage resistance and interlaminar fracture toughness of

laminated composites, an interlayer is often introduced by replacing resin at prepreg

surface to a tougher system such as the inclusion of thermoplastic particles [6]. Lee et al.

[7] reported that modes I and Il interlaminar fracture toughness increased after adding the

tough adhesive layers. In spite of these studies, the microscopic damage extension of such

CFRP laminate due to impact is still unclear and requires further investigation.

Several numerical studies [24][62][28][63] have been performed to model the

damage and failure mechanism generated in composite laminates. For example, the

following models have been proposed: the continuum damage mechanics (CDM) model

that is based on damage initiation and evolution, the fracture mechanics approach and the

equivalent constraint model (ECM). Furthermore, there is also a study on multi-scale

modelling, where the macro-, meso- and micro-scale behavior of the impact failure was

integrated based on the generalized method of cells (GMC) [28]. The cohesive zone

model (CZM) was also used to predict low-velocity impact damage [64]. The cohesive
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elements were inserted between the solid elements to represent cracks and delamination.

Therefore, the CZM model could also be applied to the impact damage process of CFRPs

with interlayers if they have similar damage behavior. Recently, Othman et al. [65] has

studied a comparison between low-velocity and high-velocity impact damage on a CFRP

laminate with interlayers and found that its damage mode is similar to that of laminates

without interlayers. However, numerical simulation needs to be carried out for further

quantitative investigation through comparison with experimental result.

This chapter aims at characterizing the microscopic damage behavior of a CFRP

laminate with toughened interlayers subjected to low-velocity impact. First, a low-

velocity impact test was conducted to reveal the damage state for various impact

velocities and energies as summarized in Table 5.1. Next, numerical analysis was

performed to clarify the impact damage mechanisms through comparison with

experiment results for one typical impact velocity (specimen 1).

5.2 Microscopic Damage State

Figure 5.1 depicts the damage state generated beneath the impact point of the

specimen. It should be noted that the fiber (0°-) direction in the top and bottom plies of

the laminate are normal to the photographs. The damage consists of a dent, delaminations
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and matrix cracks including bending cracks in the bottom ply and cone cracks in the

middle ply. In the top ply, both interlaminar and intralaminar delaminations are generated.

The interlaminar delamination extends between the top ply and the interlayer, whereas

the intralaminar one is inside the top ply (arrow A in Figure 5.1(b)).

Table 5.1: Experimental specimens

Specimen Mass of Height, H (m) | \elocity, v Incident
impactor, m (g) (m/s) impact energy,

E(J)
Specimen 1 70.4 1.30 5.05 0.90
Specimen 2 70.4 2.00 6.26 1.38
Specimen 3 150.3 1.80 5.94 2.65
Specimen 4 70.4 0.49 3.1 0.34
Specimen 5 70.4 0.70 3.71 0.48
Specimen 6 150.3 1.00 4.43 1.47
Specimen 7 150.3 1.40 5.24 2.06
Specimen 8 150.3 1.98 6.23 2.92

As shown in Figure 5.1(d), the intralaminar delamination is generated between the

resin-rich and fiber-rich regions in the top ply. Most of the matrix cracks stop at the

interface between the base ply and the interlayer (arrow B in Figure 5.1(c)). The cracks

propagate among the thermoplastic particles to make a tortuous path (Figure 5.1(e)).

Consequently, the interlayer acts as a crack arrestor and a deflector.
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In contrast, the conventional CFRP without the interlayers exhibits interlaminar

delamination only [20][65]. The intralaminar delamination in the laminate with

interlayers is attributed to interlaminar fracture toughness higher than intralaminar one.

Dent

Matrix cracks

Matrix cracks Delamination
Delamination (Intralaminar)

(Interlaminar)

Cone cracks

Cone cracks

Bending
cracks

(a) Overall view Specimen 1; m=70.4 g;
v=5.05m/s; E=09J

(b) magnified view (i) T Y ——

Figure 5.1: Damage states beneath the impact point of the specimen 1 laminate
after low-velocity impact [66].

76



15kv X1,000 10pm 000047

(d) SEM photo for the magnified view (iii)

1SkVUI X2, 000 10pm ©0000B47

(e) SEM photo for the magnified view (iv)
Figure 5.1: Continued.

Additionally, the matrix damage in the laminate is intensively simulated by observing
cross sectional view as depicted in Figure 5.2. Based on the figure, much of matrix cracks
are due to tensile stress in transverse direction as well as shear stress. At the bottom ply,
bending cracks are also generated because of tensile stress and shear stress during bending
deformation. Nevertheless, the cone cracks are not reproduce in this modelling since it is

considerably difficult to model cone cracks in solid element only.
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Figure 5.2: The cross sectional view of simulated matrix damage of specimen 1
after low-velocity impact.

Figure 5.3 depicts the damage behavior at impact velocity of v = 6.26 m/s and impact
energy, E = 1.38 J. The damage state is similar with in Fig. 5(a) although the number and
propagation of matrix cracks and cone cracks are relatively higher. In addition, both
interlaminar and intralaminar delamination are also generated. Interlaminar delamination
is observed at the interface between 0° ply and the interlayer as depicted in the magnified
view i (arrow C). In contrast, intralaminar delamination is denoted by the lateral crack

generated on the 0° ply as shown in the magnified view ii (arrow D).
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Figure 5.3: Damage states beneath the impact point of the specimen 2 laminate
after low-velocity impact.

Another impact damage state is depicted in Figure 5.4 with v=5.94 m/s and E = 2.65

J. At this state, full penetration is generated because the impact energy is higher due to

increasing mass of impactor. The top surface area of laminate beneath the impact point

exhibits a crater with bulging and all plies including the interlayers break in the

perforation region. In the vicinity area of penetration; fiber breakage, interlaminar and

intralaminar delamination as well as matrix cracks are generated. As depicted in the

magnified view (i) (Figure 5.4(b)), it is observed that the interlaminar delamination is
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generated at the interface between the interlayer (bottom interface) and base ply (90°)

(arrow E) and it is differ from specimen 2 damage (Figure 5.3(b)) since the interlaminar

delamination is generated at the interface between 0° ply and interlayer (top interface).

The interlaminar delamination is generated due to plastic deformation of interlayer

as depicted in Figure 5.4(d). Apart from interlaminar delamination, intralaminar

delamination is also slightly different from specimen 2 because the delamination is

generated at base ply (90°) as depicted in the magnified view (ii) (arrow F) (Figure 5.4(c)).

Consequently, the presence of the toughened interlayer generated an intralaminar

delamination as it is not observed in conventional CFRP. Furthermore, the transition from

interlaminar delamination to intralaminar delamination indicates high interlaminar

fracture toughness in the toughened interlayer to that in the untoughened base ply [65].

5.3 Front and Back Surface Damage

Figure 5.5(a) depicts the damage states on the front surface of the laminate. The

laminate has a dent with two fiber-breaking cracks propagating in the transverse (90°-)

direction, while any splitting cracks parallel to 0°-direction are not generated. A similar

damage pattern is simulated as depicted in Figure 5.5(b) where the dent (arrow A) and

cracks (arrow B) are generated on the front surface. These cracks (fiber breakage) are
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ascribed to compressive stress in the 0°-direction, which causes buckling of carbon fiber.

Crater

Delamination  Matrix cracks
(Intralaminar)

Delamination
(Interlaminar)

Fiber
breakage ‘

Delamination
(Interlaminar)

Delamination Fiber direction
(Intralaminar)
(a) Overall view Specimen 3; m = 150.3 g;

v=594mls; E=265J

(b) magnified view (i) . (c) magnified view (i)

15kV X359 SOpm 000047

(d) SEM photo for magnified view (iii)
Figure 5.4: Damage states beneath the impact point of the specimen 3 laminate
after low-velocity impact.
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Figure 5.4: Continued.
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Figure 5.5: Damage on the front surface of the specimen 1 laminate after impact;
(@) Experimental result, (b) simulation result [66].
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On the contrary, the bulging area is generated on the back surface of the laminate and
the crack propagates in the 0°-direction (Figure 5.6(a) and arrow C in Figure 5.6(b)). The
bulging is due to bi-axial tensile stress in the 0°- and 90°-directions due to global bending
deformation of the specimen.

Similar damage pattern was observed at the front and back surfaces of the laminate

for other impact energies as depicted in Figure 5.7.

(@)

(b)
Figure 5.6: Damage on the back surface of the specimen 1 laminate after impact;
(a) Experimental result, (b) simulation result [66].
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Figure 5.7: Damage on the front and back surface of the(la)minate after impact; (a)
& (c): specimen 2; (b) & (d): specimen 3.
54 Delamination
A typical soft-X ray photograph of the specimen 1 laminate is presented in Figure
5.8(a). The delamination propagates in both the 0°- and 90°-directions. This delamination
pattern is fairly well reproduced by the simulation in Figure 5.8(b). Figure 5.9

demonstrates the simulated cross sectional view of the specimen after impact. Both the

interlaminar (arrows D) and intralaminar delaminations (arrows E) are generated and
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extend in both the 0°- and 90°-directions (X and Y directions in Figure 5.5). The
delaminations are remarkable in the upper plies rather than in the lower plies. The same
tendency is observed in the experiment (Figure 5.1(a)). Table 5.2 compares the projected
delamination area between the experiment and simulation. It should be noted that this
delamination includes not only the interlaminar but also the intralaminar ones inside the
laminate. The delamination area is slightly overestimated partly because matrix failure

inside the interlayers are not taken into account in the simulation.

(b)
Figure 5.8: Delamination after impact of specimen 1; (a) Soft X-ray photograph,
(b) simulation [66].
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On the contrary, the delamination of conventional CFRP without interlayers exhibits
a peanut-shaped delamination'®. This pattern is different from that in the laminate with

toughened interlayers where the intralaminar delamination is also observed.

[
INEERINE

Figure 5.9: Simulated cross sectional view of specimen 1 showing interlaminar
(arrows D) and intralaminar (arrows E) delaminations [66].

Table 5.2: Comparison of projected delamination area of specimen 1 between the
experiment and simulation.

Experiment Simulation

3.8 mm? 4.8 mm?

Figure 5.10 depicts the delamination propagation of specimen 2 and specimen 3
laminate after the impact. Based on the figure, specimen 2 illustrates similar pattern with

specimen 1 but with relatively larger delamination area. On the contrary, the specimen 3
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laminate displays a galaxy-shape delamination due to full penetration during the impact.

5 mm

(a) Specimen 2; m=70.4 g; (b) SEecimen 3 m - 150
V=6.26 m/s: £=1.38J V= 884 hls; E=2.65

0.3g;
d

Figure 5.10: Soft X-ray photographs of the laminates after low-velocity impact for
specimen 2 and specimen 3.

In addition, the delamination area is plotted against the impact energy as depicted in
Figure 5.11 and it indicates the delamination area increases with the increase of impact

energy. Additionally, the threshold energy is approximately 0.18 J as stated in [65].
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Figure 5.11: The delamination area is plotted against the impact energy.
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55 Deflection of the Laminate

Figure 5.12 compares the deflection-time curve between the experiment result and
the simulations with and without considering intralaminar delamination. The calculation
in the former case was terminated before reaching the maximum deflection because the
failed elements in the base plies are largely distorted. The deflection rate of the former
case gives fairly good agreement with the experiment result up to 0.0003 s approximately.
Since most of the damage are generated by this time, the simulation is successful as far
as the damage prediction is concerned. As a result, it can be said that the prediction with

intralaminar delamination provides better agreement with the experiment result.

1.6
1.4
1.2 - )
- —E t
= xperimen
E 1
c U
2 0.8 - g Without
= / .
E 06 1 / Intralaminar
% Delamination
Qo4 -—-With
’: Intralaminar
0.2 17 Delamination
)
0 T T 1
0 0.0005_ 0.001 0.0015
Time (s)

Figure 5.12: Measured and predicted time history of deflection of specimen 1 [66].

In addition, the deflection of the laminate for other impact velocities is plotted against
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time graph in Figure 5.13. From the figure, the laminate deflects both in linear and non-
linear trend. The deflection is at a faster rate as the speed of impactor increased and the
maximum deflection occurs in between 0.4 ms to 0.5 ms.

Figure 5.14 depicts the maximum deflection at the center of the laminate after
subjected to impact at different incident impact energy for two types of impactor masses.
The deflection increases as the impact energy becomes greater. However, for the mass of
150.3 g, the deflection decreases at the impact energy of 2.92 J due to penetration on the

laminate.
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Figure 5.13: Time history of deflection via experimental characterization.
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Figure 5.14: Relationship between deflection and impact energy for two masses; (a)
70.4g and (b) 150.3g.

5.6 Summary of the Chapter
The low-velocity impact damage of a CFRP laminate with toughened interlayers was

experimentally and numerically characterised in this chapter. Based on the results

obtained, it can be summarized as follows:

1. The cracks on the front surface are generated due to high compressive stress in the 0°-
direction during the impact, whereas not only the interlaminar but also the
intralaminar delaminations are generated inside the laminate.

2. The present numerical simulation can reproduce the damage pattern including
intralaminar delamination.

3. The simulation considering both interlaminar and intralaminar delaminations gives

90



better agreement with the experiment result of the deflection rate in the deflection-

time curve.

91



CHAPTER 6: CONCLUSIONS AND FUTURE WORKS

The microscopic damage of CFRP with toughened interlayers when subjected to low-

and high-velocity impacts has been successfully characterized via experimental

characterization and numerical modelling. The general conclusions throughout all the

chapters can be summarized as follows:

1. The damage mechanisms of the laminate is relatively similar when subjected to

low- and high-velocity impacts. Nevertheless, the degree of damage at the

vicinity impact point due to high-velocity impact is greater than low-velocity

impact since high-velocity impact generates localized deformation. On the other

hand, the energy dissipation due to low-velocity impact damage is widely

distributed to a wide area of the laminate. Thus, the degree of damage is

relatively mild.

2. The toughened interlayers acts as crack arrestor to suppress delamination

propagation when the incident impact energy is below a threshold value (as in

this study 0.18J). In addition, the high fracture toughness of the interlayers

sometimes produces transition of the interlaminar delamination to intralaminar

delamination.
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3. The current numerical modelling by introducing intralaminar delamination

coupled with interlaminar delamination provides better damage prediction and

agreement with experimental results.

4. The novel finding in this research is the generation of intralaminar delamination

for this type of laminate which is different from conventional CFRP laminate as

this type of damage is not observed in conventional CFRP laminate. Furthermore,

the insertion of cohesive elements in numerical model to model both intralaminar

delamination and interlaminar delamination provides better result than the

simulation with interlaminar delamination only.

Finally, several recommendations are suggested to further study the impact response

of CFRP with toughened interlayers as follows:

1. Parametric study on the effect of material properties of interlayers when

subjected to impact loading.

2. Comparison of the damage between low-velocity impact and quasi-static

indentation test.

3. Numerical modelling of high-velocity impact on the laminate.
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4.

Parametric study on the effect of number of plies as well as stacking sequence of

the laminate when subjected to impact loading.
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