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Summary

Recently, carbon fiber-reinforced plastics (CFRPs) have been widely applied to
primary structure in the fields of transportation (aircraft and automobiles) and other fields
as alternate materials of metals because a large fuel saving becomes possible by making
structures light. When CFRP laminates are employed in automobiles structures, these
components are frequently subjected to cyclic loads and vibrations, which may cause
degradation of structural integrity because of fatigue damage. Thus, it is important to
investigate the fatigue characteristics of CFRP laminates.

In addition, for design requirements and functional needs, an automobile is composed
of many complexly shaped components. In general, it is quite difficult to fabricate such
components using only conventional CFRP prepreg with continuous fiber owing to its
poor formability. In contrast, discontinuous fiber-reinforced plastics fabricated by sheet
molding compound (SMC) or injection molding have already been used as automotive
parts since they have good molding flowability. However, their strength is much lower
than that of composites reinforced with continuous fiber. Therefore, a new material, called
unidirectionally arrayed chopped strands, was developed by introducing initially cut fibers
(ICFs) into CFRP prepreg. The strength and uniformity of layer structure of the ICF
laminate were found to be superior to those of SMCs. CFRP laminates with ICFs have
good formability without large degradation of static strength, however, their fatigue
behavior has not thoroughly been investigated thus far.

In this dissertation, first, fatigue behavior and damage progress of open-holed CFRP
laminates with ICFs having interlayers are investigated. Three types of CFRP laminates
were employed; a laminate without ICF fabricated using an autoclave (Continuous-A), a
laminate with ICF fabricated using an autoclave (ICF-A) and a laminate with ICF
fabricated using press molding (ICF-P). First, fatigue test was conducted to obtain S
(maximum stress)-N (the number of cycles to failure) curves in order to reveal fatigue
strength. The fatigue tests for several specimens were interrupted at three prescribed
numbers of cycles to observe damage progress. It is found that the Continuous-A laminate
shows little strength degradation in the S-N curve by approximately 5 % at N of 10° while
the fatigue strength of the ICF-P laminate is higher than that of the ICF-A laminate.
Fatigue strength in both ICF laminates is decreased by approximately 30 % at N of 10°. In
contrast, the damage progress of the ICF-P laminate is the least among the three laminates
while the delamination progress at both edges and around the hole in the Continuous-A
laminate is the most prominent.

Second, the effects of fiber cutting angle on the fatigue behavior of open-holed CFRP
laminates with ICFs are also investigated. Three kinds of fiber cutting angles (8 = 22.5,



45, and 90°) were applied to two types of quasi-isotropic ICF laminates; ICF-A and ICF-
P. First, fatigue tests were conducted to obtain S-N curves in order to reveal fatigue
strength. The fatigue tests of one specimen for each configuration were interrupted at
three prescribed numbers of cycles to observe damage progress. Finally, a semi-empirical
equation was proposed to predict delamination area just before the final failure against
normalized applied stress. It is found from the experiment result that the fatigue strength
in both laminates is the highest when the 8 is the smallest (22.5°) although the static
strength is the highest when the @ is 90°. In contrast, both laminates with the biggest &
(90°) exhibit the greatest delamination growth around the hole by cyclic loading.

Finally, fatigue behavior and damage progress of non-holed CFRP laminates with
ICFs having interlayers are also investigated. Three types of CFRP laminates were
employed; Continuous-A, ICF-A and ICF-P. First, fatigue test was conducted to obtain S
-N curves in order to reveal fatigue strength. The fatigue tests for several specimens were
interrupted at three prescribed numbers of cycles to observe damage progress. The results
obtained from the fatigue test and damage progress observation of non-holed CFRP
laminates indicated that the fatigue strength of the Continuous-A laminate is the highest
among the three laminates while the fatigue strength of the ICF-P laminate is higher than
that of the ICF-A laminate. However, the decrease ratio of fatigue strength at N of 108 is
about 35% of its static strength, which is almost the same in the three laminates. In
addition, the degree of damage in the ICF-P laminate is the smallest among the three
laminates while the increase rate of the crack density and edge delamination is the greatest
in the ICF-A laminate with thicker plies.

In conclucion, comparing the two ICF laminates in this study, it concluded that the
fatigue strength of the ICF-P laminate in both open-holed and non-holed specimens had
the greater fatigue strength compared to the ICF-A laminate. In addition, the fatigue
damage progress in the ICF-P laminate is smaller than ICF-A laminate. Moreover, the
ICF-P laminate with the smallest 9 (22.5°) exhibited the greatest fatigue strength, while
the ICF-A laminates with the largest 8 (90°) exhibited the greatest delamination growth
around the hole in open-holed specimens.
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Chapter 1

Introduction

This chapter describes the general background of the short carbon fiber reinforced
polymers (CFRP), the origination of laminate with initially cut fiber (ICF), and the review
of previous study in improving the mechanical properties of ICF laminate, as well as the

main objective and outline of this study.



1.1 General Background

A composite material is a mixture of two or more constituent materials, commonly

consisting of a continuous matrix in which reinforcing filler has been embedded. Carbon-

fibre reinforced plastic (CFRP) laminates constitute an important class of composite

materials. They are produced by combining carbon fibers as reinforce and resin as matrix.

Carbon fibers consist of small crystallites of ‘turbostratic’ graphite, one of the allotropic

forms of carbon [1].

CFRP laminates have a heterogeneous laminated structure, consisting of individual

layers of high-modulus, high-strength carbon fibers in a thermoplastic or thermoset

matrix. The individual layers that make up the laminates are known as laminae or plies

and are generally orthotropic or transversely isotropic, with the laminate then exhibiting

anisotropic, orthotropic or quasi-isotropic behavior depending on its stacking sequence.

CFRP laminates have frequently been applied to various structures in wide range

of industrial fields such as aircraft and aerospace, automotive, sport and recreations, civil

engineering, environment and energy and, electronic, and medical science. They have

become increasingly popular in almost every field associated with high performance.

Their popularity is due to the fact that when compared to many other engineering

materials, they offer superior stiffness, strength and fatigue properties at relatively low



density. They also have stable tensile strength, excellent corrosion resistance and

dimensional stability.

Composites and more specifically, CFRP lie close to the top left corner of both

charts: they have a high specific stiffness and a high specific strength, as can be seen in

the Ashby [2] plots of Figure 1-1. This attractive combination of stiffness, strength and

low mass has seen CFRP laminates experience steady growth and increased market

penetration in industries such as aircraft [3—7], automotive[8—12], construction [13-15]

and renewable energy[16-18].

The application of CFRP to various transportation vehicles, such as aircrafts and

automobiles, has attracted more attention with the increasing requirements of energy

saving vehicles and clean living environment. CFRP has been successfully applied to the

primary structures, such as the wings and fuselage, of latest series civilian airplanes such

as the Airbus A380 and the Boeing 787 [19], as shown in Fig. 1-2.

Recent years, more researchers and automobile manufacturers are interested with

the application of CFRP to mass-produced automobiles due to the rapid increase of fuel

prices and the increasing world-wide requirements of clean-air environment. For example,

a CFRP automobile model with has been introduced by Japan Carbon Fiber

Manufacturers Association (JCMA) [20], as shown in Fig. 1-3. The model shows that the
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application of CFRP for 17% of total automobile weight will reduce the weight by 30%

compared to the conventional model. Consequently, it can improve fuel efficiency and as

well as substantially reduce CO2 emission by equivalent of 50 tons over life cycle.

So far, the automobile components such as body panel, windshield frame, door
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Figure 1-2: Overview of material application in the Boeing 787 and the Airbus A380 [19].



panel, hood, front crash structure, front end structure, real spoiler, tunnel, pillar, engine

subframe, drive shaft, rear engine cover inner panel have been commercially produced by

car manufacturer for exclusive and racing cars in limited edition. Now, there is a tendency

to try to use the fiber for commercial, mass production cars in full scale in order to reduce

production costs to a minimum practical level. In addition, this material has four

advantages over every other type of material for automobile structure: super lightweight,

super strong, super stiff and easy to mold into all kinds of different shape.

On the other hand, the application of CFRP to automobiles must consider different

requirements compared to aircraft applications because the structural components of

automobiles are relatively small and their geometries are more complicated. Generally,

Conventional car and CFRP car
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Figure 1-3: Comparison of body weight between conventional car and CFRP car [20].



complex-shaped components are manufactured through resin transfer molding (RTM)

and sheet molding compound (SMC). However, In the case of RTM components, they

contain discontinuities of reinforcing fibers. For example, fibers in prepreg sheets might

be bent and broken at a sharp corner. For SMC components, they have large variation due

the many ends of fiber bundles. Thus, such composite components fabricated by two

methods may have broken and initially cut fibers that degrade the mechanical properties

of CFRP.

In order to improve the mechanical properties for such components, Taketa et al.

[21] developed a new molding sheet by regularly introducing slits into the conventional

prepreg sheets. CFRP laminates with initially cut fibers (ICF) achieved higher strength

than both conventional materials (RTM and SMC) through control of the fiber cutting

angle and pattern, fiber direction and the position of fiber ends, as well as the shaping

performance of molding sheet.

On the other hand, in the application of CFRP laminates for structural components,

circular holes are needed for several technical reasons such as joining, weight reduction

and functional needs. In addition, these components are frequently subjected to cyclic

loads and vibrations, which may cause degradation of structural integrity because of

fatigue damage, which is known to be responsible for the majority of failures in structural



components and machinery [22]. Furthermore, the fatigue damage behavior of CFRPs

must be evaluated quantitatively for their application in production automobiles, because

automobile structures are required to adopt a wide safe-life design.

The fatigue behavior and damage progress of open-holed CFRP laminates have

been an extensively-researched topic. The growth of damage in such laminates with

variability of fibers, matrices, manufacturing methods, lamination stacking sequences and

geometries under fatigue loading is known to affect the fatigue performance of the

material and ultimately, the structure. Therefore, a better understanding of the fatigue

behavior and failure mechanisms is crucial to improve composite laminate design.

The fatigue behavior of CFRP laminates containing a stress concentrator is of

particular importance. It is recognized that subcritical damage evolves from these stress

raisers under increasing load cycles, until an instability occurs and catastrophic failure

ensues. Therefore, it is important to understand the general fatigue response of CFRP

laminates with ICF containing a circular hole.

1.2 Introduction of the First of ICF Laminates

In order to enhance the strength and stiffness of short fiber reinforced polymers,

many studies [23-26] have been performed at the enhancement of fiber volume fraction

and the high alignment of fibers. Highly aligned discontinuous fiber yarn and prepreg



with highly aligned unidirectional short fibers were developed in [23,24] using the

technology of stretch-broken carbon fibers. This technology can fabricate short fiber

composites with highly aligned fibers and high fiber volume fraction. However, it is

difficult to control the fiber length by this technology.

A different method was developed using random chopped strands made by cutting

the conventional CFRP prepreg with continuous carbon fibers in [25,26]. This method

can fabricate short fiber composites with high fiber volume fraction which is near the

original composites with continues fibers, but the chopped strands are randomly

distributed in the composites. On other hand, high porosity and random distribution of

chopped strands result in much lower strength than conventional CFRP.

Recently, a new method was developed, a new short fiber reinforced polymer made

by laminate with ICF has been developed [21,27-30]. The laminate is made by

introducing specific slits into a conventional prepreg with continuous carbon fibers. The

experimental results showed that the ICF laminates have higher strength and modulus

than conventional short fiber reinforced polymers due to the high aligned fibers and high

fiber volume fraction. it also has superior formability and is suitable to fabricate structural

components in complex geometries.

In the early study on the ICF laminates, two kinds of ICF prepregs are investigated



[21,27,28]. The first kind of ICF prepreg has staggered short slits perpendicular to the
fibers [21], and the second one has continuous slits with a small angle to the fiber direction
[28]. Much higher strength is obtained for the second kind of ICF laminates than the first

kind.

The schematic diagram of the first designed ICF laminate is shown in Fig. 1-4,
proposed in [21]. The continuous and discontinuous slits of 12.5 mm in length at an
interval of 25 mm are introduced into the prepreg. All the slits are perpendicular to the
fiber direction and loading direction and all the fiber are cut into 25 mm in length in the

ICF prepreg. This constitution allows the fiber strands flowing smoothly during molding

2 ways of slit sequences

-~

ra

r -y

E |
4E"

;5: |?

e Wy
1
"L,E : ”W: Slit wid
Y L:
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——

h

Figure 1-4: Schematic of first ICF laminates created by introducing slits in arrayed
continuous fibers of prepreg [21].
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while the stress concentration is minimized by isolating the mutual position of the strands-

ends. Thus, components with complex geometry such as rib structures can be fabricated

by ICF plies. Compared with short fiber reinforced polymers fabricated by SMC and

injection molding methods, the layer structure and the high fiber volume (about 60%) of

conventional CFRP laminates are maintained and the fiber directions are uniform in a

single ply of ICF laminates.

Figure 1-5 shows the experiment results of the tensile strength and modulus of the

quasi-isotropic laminate stacked by ICF plies together with those of SMC and

conventional CFRP laminate without slits for a comparison. The strength of ICF laminate

was twice of SMC and the scatter range was much narrower similar to that of the

conventional laminate. In addition, the tensile modulus, which is close to that of

conventional CFRP laminate, was much higher than that of SMC.

Figure 1-6 presents the photographs of the cross-sections and the fractured specimens

obtained from the SMC, ICF and conventional CFRP laminates. In the case of SMC, the

chopped strands are crimped in the thickness direction, and several resin-rich regions are

seen. In contrast, ICF laminate does not include any resin-rich regions, except for just

around the slits. This is the main reason for the high modulus of the ICF laminate.

11
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Additionally, observed from the fractured of various specimens, SMC is seen to have

a zigzag fracture plane, implying that the crack generated in the resin-rich regions grows

in the specimen, avoiding the chopped strands, and causes the final failure. In contrast, a

large delamination is generated in the initial ICF laminate, in spite of matrix cracking

observed before the delamination. Delamination was assumed to be induced only by the

shear stress concentration around the slits, without the matrix cracking effect. No fiber

breakage occurs even near the slits in the ICF laminate. It concluded that the interlaminar

delamination caused the final failure of the ICF. Although it is revealed that the first ICF

laminate has better mechanical properties than the injection molding and SMC, the

flowability of the ICF laminate should also be clarified.

In order to clarify the flowability of the ICF laminate, a stretched ICF laminate was

fabricated by hot pressing at 3 MPa pressure and 150 °C for 30 minutes, As a result, the

(@ (®)

Figure 1-7: A T-shaped rib structure made from (a) conventional prepreg and (b)
ICF prepreg [21].
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area of the ICF laminate increased by 31% after hot pressing, compared to the original

ICF ply before hot pressing. This fact demonstrated that this ICF laminate has the same

excellent flowability as SMC. Furthermore, in order to investigate the layer structure of

the ICF laminated component, T-shaped rib components with present ICF prepreg and

conventional prepreg without slits are fabricated, as shown in Fig. 1-7. It is found large

resin-rich region in the case of rib component fabricated by conventional prepreg. In

contrast, no such resin-rich region is seen in the case of the component fabricated by

present ICF prepreg and the layer structure of ICF plies is still maintained even in the rib

part.

1.3 Review of Previous Study

As mentioned in previous subsection, initial ICF laminates performs higher strength

compared with previous short carbon fiber reinforced polymers. But the strength of the

early ICF is relatively low compared to conventional CFRP laminate due to that

delamination is the principal cause of the final failure, subsequently, the early ICF

laminate only can be fabricated as the no-bearing structures and secondary-bearing

structures. In order to improve the strength of ICF laminate without reducing the

flowability, many researches are conducted. The main studies in improving the strength

of ICF laminate are interlaminar toughening and adjusting of the slit angle.
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1.3.1 Interlaminar Toughening of ICF Laminates

Based on the consideration of inhibiting the delamination in the ICF laminate, the

following three interlaminar toughening methods are tried [27]: (1) Toughening the

matrix resin; (2) Inserting a toughened interlaminar layer into plies; (3) Localizing the

toughened layer only around the ends of the chopped strands.

1. Toughening the matrix resin

In the first trial of interlaminar toughening, the matrix of the ICF itself was exchanged

for toughened resin. A fresh prepreg of P3252S-15 (Toray Industries), made of carbon

fiber T700S and epoxy resin #2521R is used for fabricating ICF laminate. The ICF

laminate with the toughened matrix #2521R improves the strength by 14%. It is noted

that a conventional CFRP laminate with #2521R also improved the strength by 9%. On

contrary, the fracture morphologies of the first ICF laminate and the ICF laminate with

#2521R closely resemble. This demonstrates that the strength of ICF is strongly

dependent on the damage progress due to the delamination.

2. Inserting a toughened interlaminar layer into plies

The purpose of a toughened interlaminar layer is to suppress the progress of

interlaminar delamination, caused primarily by out-of-plane impact, and to maintain the
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compression strength of the laminates. In order to improve the interlaminar toughness,

the thermoplastic non-woven fabric is used as the toughened interleaves. As a result of

the tensile modulus and strength, inserting polyamide nonwoven fabrics improves the

strength by up to 17%. The ICF laminate with polyamide non-woven fabrics in an areal

weight of 30 g/m2 has less strength than that in an areal weight of 20 g/m2. Thus, an

optimized interlaminar thickness for the toughened layer with regard to tensile strength

seems to exist. In contrast, inserting polyolefin non-woven fabrics reduces the strength.

It decreases the interlaminar toughness because polyolefin has poor adhesion to carbon

fibers and the epoxy resin matrix. Consequently, it was concluded through this study that

inserting appropriately toughened interleaves into ICF plies can improve the tensile

IIH

Fiber ] \ =
Slit Toughened

layer

Figure 1-8: Schematic diagram of ICF laminate with interlaminar toughened layers
only around the slits. [21].
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strength.

This study also confirmed that delamination was still the principle damage which
caused the final failure of the ICF laminate. However, the tensile modulus is significantly
reduced. For example, inserting polyamide non-woven fabric in 20 g/m2 improved the
strength by 17%, but reduced the modulus by 18%. This is because the toughened
interleaves decreased the volume fraction of fiber of the ICF laminate.

3. Localizing toughened layer around the ends of chopped strands.

As the final trial, instead of inserting the toughened interleaf into every interface

500r 1 50
O
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100} ] Strength 110
< Modulus
0 0
Only Whole
ICF : : :
around slits interlaminar

Figure 1-9: Comparison of tensile strength and modulus of quasi-isotropic laminates
with different areas of toughened layers. [21].
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between the ICF plies, this trail tried a locally toughening method only around the ends

of the slits, as shown schematically in Fig. 1-8.

The tensile strength of ICF is improved by 21%, and the tensile modulus was reduced

by only 10%, using locally toughening method, as summarized in Fig. 1-9. Although a

locally toughened interleaf can only suppress the onset of delamination, it directly and

positively affects the strength. In addition, the relatively small amount of toughened

interleaf layer inserted minimizes the decline in the fiber volume fraction and the modulus

of the ICF laminate.
1.3.2 ICF with Continuous and Angled Slits

From above subsections, it is seen that the slits are still perpendicular to the fibers.

The problem of high stress concentration around the tips of slits in the ICF laminate is

still unsolved. To reduce the stress concentration around the tips of slits in the ICF

laminate and to further improve the strength of early ICF laminates, Taketa et al. [28]

proposed a second design of ICF ply by introducing continuous and angled slits into the

prepreg. The optical image of the second designed ICF ply and the schematics of the

relative ICF laminate are given in Fig. 1-10. The angle between the fiber direction and
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Figure 1-10: Schematic diagrams of Enhanced ICF by introducing continuous angled
slits in prepreg [28].

the slit is about 11° and the fiber length are 25 mm in length which is as same as the early
ICF ply.

The mechanism of why the small angle can reduce the stress concentration and
suppressing the initiation of delamination is described in Fig. 1-11. A local square region
is selected as an analysis model and the average in-plane stresses occurred due to the
tensile stress o applied in the fiber direction are expressed by axial stress ox, oy and shear
stress Txy,

Ox = 6005%0, 6, = 68iN%0, Gy =0 COS20/2 ...ouvvuuieiiiiiiiii (1)
In the case of first ICF (6= 90°), ox= 0, txy = 0, and oy = o. Therefore, the stress oy

applied to the slit in the direction perpendicular to the slit is maximized, so the shear stress
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Figure 1-11: Schematic diagram of stress distribution around an angled slit in the 0 layer.
[28]

around the slit is also maximized due to load transfer at the interface. In contrast, in the

case of ICF with a slit small angled at a smaller 6, ox becomes larger and oy and Txy

become smaller. ox does not contribute to the initiation of delamination from the slit

because ox is parallel to the slit, while the shear stress around the slit caused by oy and txy

are responsible for delamination in modes Il and Ill. Therefore, the initiation of

delamination around slits is not as so severe as the early ICF laminates.

In this study, effects of the slit angle on the strength of the ICF laminates are

investigated. The ICF plies with angled slits were stacked in a quasi-isotropic lamination

of [45/0/-45/90]2s and cured by a hot pressing. Two kinds of ICF laminates with 31%

stretched and non-stretched shapes are fabricated to investigate the flowability during the

curing process. The stretch of ICF occurred due to the flowability of chopped strands

under the pressure of 3 MPa in hot pressing process. The angled slit direction was +6 on
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Figure 1-12: Relation between tensile strength of quasi-isotropic ICF laminates and
the slit angle [28]

the upper half of the laminate [45/0/-45/90]> and —@ on the lower half.

Tensile tests of the secondly designed ICF laminates are also conducted. The relation

between the tensile strength of quasi-isotropic ICF laminates and the slit angle 6 are

presented in Fig. 1-12. As the slit angle becomes smaller than 45°, the tensile strength

dramatically increases, approaching that of conventional laminate without slits (6 = 0°).

The ICF laminates with an area increase (31% stretched) exhibit higher strength than

those of non-stretched ICF laminates for each slit angle because the each ply in stretched

laminates becomes thinner than original ply.

1.3.3 ICF Laminate with Staggered Angle Slits and Bi-angled Slits

Although the above mentioned early ICF laminates exhibit better mechanical
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properties and similar flowabilty compared to traditional short fiber reinforced
composites made by such as injection molding and SMC, the final failure of the early ICF
laminates even the secondly designed ICF laminate with continuous angled slits are still
dominated by the delamination progression and fiber breakage is rarely observed. It
means that the high strength advantage of the carbon fiber is still not efficiently utilized.
Large delamination easily occurs and extends along the continuous slits due to the stress
concentration along the slits.  In order to improve simultaneously mechanical propertries
and flowability, two newly designed ICF prepregs, namely, with discontinuous staggered
angled slits and with discontinuous bi-angled slits (See Fig. 1-13), are proposed and
investigated experimentally and numerically [29,30].

New designs of ICF laminates are proposed to improve existing ICF laminates with

Fiber direction

=
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o
z
-
:
: / / / / / u.
=113 Lx=5
(a) Staggered slit pattern (b) Bi-angled slit pattern

Figure 1-13: Schematic of newly designed discontinuous angled slit patterns [29]

22



continuous angled slits by introducing discontinuous angled slits into a unidirectional
prepreg. Two slit patterns of staggered angled slits and bi-angled slits are designed. A

paper cutter is employed to introduce slits into the prepreg. Quasi-isotropic ICF laminates

[J No slit M Continuous slit
70 1 O Staggered slit: S(5) @ Bi-angeld slit: B(5) [
80 5026
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Figure 1-14: Tensile properties of various quasi-isotropic laminates [29]
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with new slit patterns and existing continuous angled slits together with the conventional

laminate without slits are fabricated for tensile tests. Hybrid laminates [90/0/90] with two

unidirectional glass-fiber/epoxy plies and one ICF ply are fabricated for flowability tests.

Figure 1-14 presents the detailed values of the tensile modulus and strength.

Comparing with a laminate without slits, the modulus and strength of ICF laminate with

continuous slits reduces by 4% and 42.2%, the laminate with staggered slits reduces by

2.6% and 36.5%, and the laminate with bi-angled slits reduces by 0.3% and 33.7%,

respectively. Comparing with an existing ICF laminate with continuous slits, newly

designed ICF laminates with bi-angled slits and with staggered slits enhance the tensile

strength by 14.7% and 9.9%, respectively. Evidently, out of the three types of laminates

studied, the ICF laminate with bi-angled slits gives the best tensile properties among the

ICF laminates. Experimental results reveal that newly designed ICF laminates possess

higher strength and better flowability than existing ICF laminate

1.3.4 Fatigue Behavior of Open-Holed CFRP Laminates

CFRP laminates, despite still being viewed by some as cutting-edge technology, have

actually long existed as an engineering material. The study of their mechanical properties,

fracture behavior and response to stress raisers performed by researchers almost half a

century ago. Considerable experimental research has been done to investigate the damage
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mechanisms in CFRP laminates when subjected to different types of loading, including
tension, compression, impact and fatigue. A better understanding of the damage
mechanisms will assist in improving composite laminate designs.

Fibre-reinforced composites laminates are increasingly being used to manufacture
load bearing primary structures in the aerospace industry as composites offer a much
greater strength to weight ratio than metals. The initial perception was that composite
materials do not suffer from the effects of fatigue, however in recent years it has become
well established that composites can exhibit damage under cyclic loading conditions.
Laminates with stress concentrations have complex damage sequences and failure events,
and show a wide variety of effects not observed in unnotched laminates. The notch
sensitivity of a laminate in terms of mechanical properties, depends on various factors,
such as: laminates sequences, laminate thickness, ply orientations, laminate size, notch
size, fabrication method, and machining quality. These factors all affect the way damage

propagates, their interactions and the final mode of failure.

1.3.4.1 Tension-Tension

Investigations into the fatigue behavior of open-holed CFRP laminates subjected to
tension-tension loading have been performed. Many of the studies in the literature have
concentrated on the macroscopic effects of fatigue damage on fatigue performance and

there have been some studies into the detailed damage mechanisms and sequence of
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events occurring, such as in [31-50]. There has also been few works describing various

failure fatigue models for prediction of fatigue behavior and fatigue life and their fit to

experimental data.

Few studies describing effect of matrix toughness, fiber-matrix adhesion on the

fatigue strength and failure mechanism of notched CFRP laminates have been performed.

For example, Aymerich and Found [31] investigated and compared fatigue behavior of

Figure 1-15: Fatigue damage progression in a notched carbon/epoxy specimen;
(omax= 0.95.05tatic, R=0.1). (). N=10 000 cycles; (b). N=30 0000 cycles. [31]

(@) (b)

Figure 1-16: Fatigue damage progression in a notched carbon/PEEK specimen
(omax= 0.84.0static, R=0.1). (a). N=2727 cycles; (b). N=14180 cycles. [31]

26



quasi-isotropic carbon/PEEK and carbon/epoxy open-holed laminates, chosen as

representative of the two classses of tough and britlle matrix composite. They found that

fatigue damage in carbon/epoxy laminate consists of a combination of matrix cracks,

longitudinal splitting and delaminations, which attenuate the stress concentration and

suppress fibre fracture at the hole, as a consequence, fatigue failure can be reached only

after very high number of cycles. In contrast, carbon/PEEK laminates, the behavior of

fatigue damage in carbon/PEEK laminates strongly depend on the stress level due to the

superior matrix toughness and the high fibre-matrix adhesion. At high stresses the

absence of early splitting and delaminations promotes the propagation of fibre fracture

therefore resulting in poor fatigue performance; while at low stress levels, damage modes

are matrix controlled and this again translate into very long fatigue life. Typical

differences of fatigue damage progression in notched specimens of two material systems

are shown in Fig. 1-15 and Fig. 1-16.

Afaghi et al. [32] investigated the effect of fibre—matrix interfacial adhesion on

fatigue strength of a cross-ply polymer matrix composite laminates containing a circular

hole under tensile-tensile cyclic fatigue loading. They found that the fatigue life of

notched cross-ply laminates is sensitive to the level of adhesion between fibre and matrix.

The fatigue life of laminates with strong fibre-matrix adhesion was higher than that of
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laminates with low-fibre-matrix adhesion. Damage analysis results showed that the

composite system exhibit longitudinal splitting, delamination and transverse ply cracking

at all load level. However, laminate with strong fibre-matrix adhesion reveals much

extensive longitudinal splitting and local delamination. These results confirmed that the

fatigue life of notched laminated composites is dependent on fiber—matrix interfacial

adhesion. In addition, fractographic analysis on the failure section shows that primary

damage mode in laminate having a poor fibre-matrix adhesion, are fibre-matrix splitting

and fibre bundle pullout that extended to the end-tabs. However, laminate with the strong

e e Sl i St ool o o el

Figure 1-17: Typical fracture patterns of fatigue (0/90)ss notched laminates (omax=
0.85.0sttic, N = 10° cycles) (a). Laminate with poor fibre-matrix adhesion and (b).
Laminate with strong fibre-matrix adhesion [32].
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fibre-matrix adhesion exhibit catastrophic brittle failure with little apparent evidence of

longitudinal splitting. Photograph of failure section of fatigue notched specimens of two

laminates are shown in Fig. 1-17.

Vieille and Albouy [33] also investigated the influence of matrix ductility on the

tensile fatigue behavior in notched and unnotched woven-ply C/PPS (thermoplastic) and

C/Epoxy (thermoset) laminates under high temperature condition. The obtained results

show that matrix ductility is prominent to rule the fatigue response of notched woven-ply

laminates at high temperature. They applied a simple analytical model to test its predictive

capabilities to evaluate the fatigue damage accumulation in both materials. The model

proved to be applicable to C/PPS composites with a good agreement between

experimental and model responses. However, it does not seem relevant to predict damage

accumulation within C/Epoxy notched laminates subjected to tensile fatigue loadings.

Few studies have addressed the characterization of detailed damage mechanisms and

sequence of events occurring. Kawai and Shiratsuchi [34] studied the effects of centrally

located circular holes on the constant amplitude fatigue behavior of cross-ply CFRP

laminates of various stacking sequences. They showed how the notched fatigue strength

of cross ply laminates becomes lower than for un-notched specimens in the range of short

fatigue life. However for the long life range this notch sensitivity becomes insignificant.
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They also proposed a new method for prediction of fatigue strengths of composites with

the assumption that notch sensitivity reduces during fatigue loading.

Nixon-Pearson et al. [35] carried out an extensive experimental and program to

investigate and understand the sequence of damage development throughout the life of

open-hole quasi-isotropic IM7/8552 carbon-fibre/epoxy laminates loaded in tension—

tension fatigue. They used X-ray Computed Tomography (CT) in order to determine the

3D sequence of damage events. The results showed that matrix cracking at the surface

ply and initiation of matrix cracks in the subsequent plies lead to delaminations that

progress through the thickness, and ultimately to the propagation of delamination at the -

45/0 interface all the way back towards the end tabs. The number of cycles to failure

decreased linearly as the maximum fatigue stress level increased.

Nixon-Pearson and Hallett [36,37] carried out an extensive experimental program to

investigate and understand the sequence of damage development throughout the life of

open-hole carbon/epoxy laminates of various quasi-isotropic stacking sequences loaded

in tension—tension fatigue. They showed that a delamination dominated failure mode is

observed in all quasi-isotropic stacking sequences but the highest of severities tested.

Tests showed that initially damage starts to propagate out from the hole edge in terms of

matrix cracks and delamination. Asymmetric -45/0 delaminations cause a large drop in
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stiffness. This is the dominant failure event for both the ply level and sub-laminate level

specimens. The failure events for the ply level specimens are more localized around the

hole, giving a more abrupt decrease in stiffness from the initial plateau. For the baseline

sub-laminate level specimens, damage occurs in the outer sub-laminates first and then

passes through into the central sub-laminates with a greater degree of distributed matrix

cracking.

Aidi et al. [38] carried out an extensive experimental program to investigate and

quantify the damage development by measuring the residual properties throughout the

fatigue life of open-hole quasi-isotropic carbon-fiber/epoxy laminates loaded in tension—

tension fatigue using two combined non-contact methods digital image correlation (DIC)

and optic based vibrations. The results provide an important step in the validation of DIC

and vibration response as a powerful combined non-destructive evaluation tool for

monitoring the development of fatigue damage as well as predicting the damage level of

notched composite materials.

The predicting fatigue life and damage development were also studied extensively.

Spearing and Beaumont [39,40] performed fatigue studies of notched carbon fiber

composite materials by predominantly using cross ply laminates. They developed a new

approach to modelling the post fatigue strength and stiffness in notched composites
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showing how the observation of notch tip damage can be quantified by the extent of
individual failure processes. They found that damage at a notch tip in a laminate under
cyclic tensile loading consists of splits, delamination and transverse ply cracks. The notch
tip damage zone grows under tensile cyclic loading in a stable manner, with the shape and
size of the damage zone depending on the laminate geometry, fibre, matrix and interfacial

properties.

1.3.4.2 Tension-Compression

An extensive literature also exists on the compressive fatigue behavior of open holed
CFRP laminates. Mohlin et al. [41] studied fatigue delamination growth in notched
carbon/epoxy laminates under compressive fatigue loading using tetrabromoethane
(TBE) enhanced X-ray radiography. They performed tests with amplitude range from
48% to 88% of the static fracture compressive load. They showed that matrix cracks in
the 0° ply orientations (along the direction of loading) occur tangential to the hole roots
below 10° cycles. After further cycling, delamination begin to propagate outwards
between the interfaces of the off axis plies until catastrophic failure occurs.

Kellas et al. [42] studied fatigue behavior and damage development in a sixteen-ply
0°, and +/—45° notched-carbon fiber composites subjected to tension-compression fatigue
loading. Tension-compression fatigue of the notched laminates produces a complex

interaction of damage modes which give rise to fatigue failures. They noted that the first
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sort of damage observed consisted of splitting at notch tips in the loading direction. They

found very limited amount of matrix micro-cracking in the outer-most pairs of 45 fibre

plies. The C-scans observation indicated a growth in the delamination damage

development at the notch tip and in the loading axis direction. Further increase in the

number of fatigue cycles leads to the development of further fibre cracks through the

thickness near the notch tip. Both the delamination area and the number of splits also

increase rapidly. Final failure appears to be initiated by a rapid growth of the delamination

damage in the transverse direction. Fatigue extends the slits in the load direction but the

development of parallel sets of splits probably results from the matrix micro-cracking and

subsequent delamination followed by microbuckling of bands of 0° fibers at the notch tip

in the outermost layers.

Morton J et all [43] investigated the effect of absorbed moisture and/or heat on the

tension-compression fatigue properties of notched (sharp slits and circular holes) 0°and

+/—45° carbon fiber reinforced plastic laminates using several destructive and non-

destructive methods. It was found that the shape and extent of fatigue damage around the

notches were highly dependent upon the environments considered (temperature and

absorbed moisture). The effects of environment and loading upon the fatigue behavior

are: (1). A reduction of the constraint between 0 and 45 layers by means of shear stiffness

33



changes, leads to effective blunting of the notches (by longitudinal splitting) and,

consequently, improved residual strengths. (2). Softening of the matrix as well as lateral

(widthwise) delamination growth lead to 0° fiber failure by buckling and hence poor

residual compressive strengths. Furthermore, it was shown that the residual strength or

fatigue life depended upon the lay-up for a given environment.

Kellas et al. [44] examined the effects of hygrothermal environments upon the fatigue

behavior of notched fiber-reinforced plastic laminates subjected to reversed axial loading.

They isolated a physical parameter related to fatigue damage characteristics around stress

concentrators. This parameter was defined as the damage transition stress, denoted St. It

was found that the magnitude of St constitutes a measure of the fatigue performance of a

particular material system. They found that the magnitude of St in dry-conditioned

specimens depends upon lay-up, loading regime and notch geometry. However, the

magnitude of St for a different stacking sequence and notch geometry remained

approximately constant under the wet environments conditions. The fatigue performance

of the wet-conditioned specimens is slightly improved relative to that of the dry

specimens.

Soutis et al. [45] studied compression fatigue behavior for cross ply carbon fiber-

epoxy laminate containing either a single hole or two closely spaced hole. They showed
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the similar fatigue damage behavior for both single-hole and two-hole specimens, the
fatigue damage consists of ply cracking, delamination and fiber microbuckling at loads
approaching the static compressive strength. They also confirmed that the applied
maximum compressive stress is below 85% of the static compressive strength, no fatigue
failure occurs prior to reaching 108 cycles. However, at the peak fatigue loads equal to
90% of the static compressive strength, fatigue failure occurs as result of microbuckle
initiation and growth.

Mall et al. [46] carried out experiments to study the fatigue behavior of both notched

and unnotched carbon/epoxy composites manufactured from the H-VaRTM (heated-
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Figure 1-18: Stress range versus fatigue life [46].

vacuum assisted resin transfer molding) process under tension—compression loading.

They showed that the fatigue lives of the unnotched composites in the fully reversed
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tension—compression fatigue testing condition were significantly shorter than in the

tension—tension fatigue testing condition. However, there was no effect of the notch on

the fatigue life/strength, as illustrated in Fig. 1-18. This is due to the development of

localized damage at minimum cross-section which eliminated the stress concentration.

This damage again started in the form of matrix cracks followed by delamination at the

location of maximum stress concentration, i.e. at the edge of the hole. Damage

mechanisms involved initial matrix cracking followed by delamination, microbuckling,

fiber kinking and finally fiber breakage. The final fracture of the tension—compression

fatigue specimens was a compressive failure in the shear mode.

Yashiro and Okabe [47] numerically estimated the damage states in CFRP cross-ply

laminates contain a hole under fatigue loading by using an fiber Bragg grating (FBG)

sensor. They observed debonding of the FBG sensor in the fatigue test. Shear-lag analysis

for calculating the strain distribution of the debonded optical fiber was combined with

damage analysis using cohesive elements and optical analysis for an FBG sensor to

calculate the reflection spectrum. The damage pattern in the laminate and the debonding

length were estimated from the reflection spectrum by an optimization technique with

numerical analyses. They found that the appropriate damage pattern was required for

accurately estimating the debonding length. The damage-pattern estimation using FBG
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sensors was therefore applied in experiments with little debonding. However, greater

debonding induced invalid damage-pattern estimates. These estimates indicated that

information on the damage pattern disappeared from the spectrum shape because of both

debonding of the optical fiber and delamination near the hole.

1.3.4.3 Predicting Fatigue behavior

Huh and Hwang [48] proposed fatigue failure criteria for predicting fatigue life of

circular notched carbon fiber reinforced plastic laminates using residual strength

degradation model and assumptions on the stress redistribution. They resulted six

equations for fatigue life prediction of notched laminates based on the fatigue failure

criteria and fatigue life equations of unnotched laminates. They found that proposed

fatigue life prediction equations (FLPES) are in good agreement with fatigue experimental

data from circular notched

Other work, Satapathy et al. [49] proposed a modified fiber failure fatigue model for

prediction of fatigue behavior and fatigue life of notched composites under in-plane

uniaxial and multiaxial loading. They used three types (i.e. cross-ply, quasi-isotropic and

angle ply) laminated composites contain a central circular hole. They showed a good

agreement between the analytical predictions and the experimental observations in terms

of fatigue life for both uniaxial and multiaxial loading cases. They also showed that the
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fatigue life is lower with uniaxial compression—compression loading compared with that

for uniaxial tension—tension loading.

Nixon-Pearson et al. [50] performed a numerical study to investigate the capability

of a cohesive interface element formulation with fatigue damage capability to predict the

damage development and failure of open-holed carbon/fiber laminates. They combine

modelling techniques developed for predicting the static strength of open hole tensile

specimens with the extended capability of interface elements to predict damage

accumulation under fatigue loading. They found that the predicted damage process had a

close match to that observed experimentally. Matrix cracking at the surface ply and

initiation of matrix cracks in the subsequent plies lead to delamination through thickness,

and ultimately to failure at the -45/0 interface. The model could predict an S-N curve

which had good agreement to tests when run at different severities.

1.4 Objectives

Almost all studies conducted on the topic of laminates with initially cut fiber have

been limited to the case of pure tension. In addition, all studies of fatigue behavior of

open-holed CFRP laminates have been performed to the conventional prepregs (i.e.

unidirectional and woven). To the author’s knowledge, equivalent work for fatigue

behavior of open-holed CFRP laminate with initially cut fibers has not been reported in
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the literature. This dissertation aims to explore fatigue strength and fatigue damage

progress in open-holed and non-holed CFRP laminates with ICF under tension-tension

loading, and to investigate the effect of slit angle to the fatigue behavior and damage

progress of such laminates.

The primary objectives of this dissertation are to: (i) investigate fatigue strength and

damage progress of open-holed CFRP laminates with ICF toughened with interlayers

subjected to tension-tension fatigue loading; (ii) investigate the effects of fiber cutting

angle on the fatigue behavior of open-holed CFRP laminates with ICFs subjected to

tension-tension fatigue loading; (iii) investigate fatigue strength and damage progress of

non-holed CFRP laminates with ICF toughened with interlayers subjected to tension-

tension fatigue loading.

1.5 Outline

The outline of this dissertation is listed as below:

Chapter 1 introduced the general background of CFRP and their application in

aircraft and automobile components. This chapter also reviews the previous studies in

CFRP laminates with initially cut fibers (ICF) as well as the previous studies in fatigue

and damage behavior of open-holed CFRP laminates.

Chapter 2 investigates fatigue behavior and damage progress of open-holed CFRP
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laminates with ICFs. Two kinds of staggered angled ICF CFRP laminates are fabricated

for fatigue tests, one laminate is fabricated using autoclave (ICF-A laminate) and the other

laminate is fabricated using press molding method (ICF-P laminate). As benchmark,

CFRP laminate with the conventional laminate without ICFs (Conventional-A) is

fabricated. Additionally, fatigue damage progress is observed for the three laminates.

Chapter 3 investigates the effect of fiber cutting angle on the fatigue behavior of

open-holed CFRP laminates with ICFs. Three types of laminates with three kinds of fiber

cutting angle (€ = 22.5, 45 and 90°) are made for fatigue tests. Additionally, fatigue

damage progress is observed for the three laminates. Finally, a semi-empirical equation

is proposed to predict delamination area just before the final failure against.

Chapter 4 investigates fatigue behavior and damage progress of non-holed CFRP

laminates with ICFs. Two kinds of staggered angled ICF CFRP laminates are fabricated

for fatigue tests, one laminate is fabricated using autoclave (ICF-A laminate) and the other

laminate is fabricated using press molding method (ICF-P laminate). As benchmark,

CFRP laminate with the conventional laminate without ICFs (Conventional-A) is

fabricated. Additionally, fatigue damage progress is observed for the three laminates.

Chapter 5 summarizes the conclusions of the dissertation
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Chapter 2

Fatigue Behavior of Open-Holed CFRP Laminates with Initially Cut Fibers

In this chapter, we investigated fatigue behavior and damage progress of open-holed
CFRP laminates with ICFs having interlayers. Three types of CFRP laminates were
employed; a laminate without ICF fabricated using an autoclave (Continuous-A), a
laminate with ICF fabricated using an autoclave (ICF-A) and a laminate with ICF
fabricated using press molding (ICF-P). First, fatigue test was conducted to obtain S
(maximum stress)-N (the number of cycles to failure) curves in order to reveal fatigue
strength. The fatigue tests for several specimens were interrupted at three prescribed

numbers of cycles to observe damage progress.
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2.1 Introduction

Recently, carbon fiber-reinforced plastics (CFRPs) have been widely applied to

primary structural components of aircraft and automobiles because of their contribution to

higher fuel efficiency and lower emission of CO.. Such structural components often have

circular holes for several technical reasons such as joining, weight reduction and functional

needs. In addition, these components are frequently subjected to cyclic loads and

vibrations, which may cause degradation of structural integrity because of fatigue damage.

In particular, for design requirements and functional needs, an automobile is composed of

many complexly shaped components. It is quite difficult to fabricate such components

using only conventional CFRP prepreg with continuous fiber owing to its poor formability.

In contrast, discontinuous fiber-reinforced plastics fabricated by sheet molding compound

(SMC) or injection molding have already been used as automotive parts since they have

good molding flowability. However, their strength is much lower than that of composites

reinforced with continuous fiber. Therefore, a new material, called unidirectionally arrayed

chopped strands, was developed by Taketa et al. [21] by introducing initially cut fibers

(ICFs) into CFRP prepreg. The strength and uniformity of layer structure of the ICF

laminate were found to be superior to SMCs.

Several experimental results have been reported on ICF laminates thus far. In the
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subsequent paper by Taketa et al. [27], the effects of interlaminar toughening on

suppression of delamination in ICF laminates were experimentally studied. Yashiro & Ogi

[51] investigated the effects of ICFs on fracture behavior in CFRP cross-ply laminates,

having alternate or identical ICF angle +&in the 0° plies. Next, Taketa et al. [52] proposed

a technique for enhancing strength and uniformity of layer structure in ICF laminates by

introducing ICFs with small angles for the fiber direction. Furthermore, Taketa et al. [28]

also investigated mechanical properties of ICF laminates for the application as structural

material for complex geometry. They found that the ICF laminates maintain high

mechanical properties after forming to complex shapes. Li et al. [29] proposed two newly

designed ICF prepregs with discontinuous staggered angled ICFs and discontinuous bi-

angled ICFs. Li et al. [30] also studied the damage progression in three kinds of ICF quasi-

isotropic (QI) laminates under tension by finite element simulation based on a multiscale

analysis.

Meanwhile, numerous studies have been performed on fatigue behavior of various

kinds of open-holed CFRP composites under a variety of loading conditions. O’Higgins et

al. [53] studied the open hole tension (OHT) characteristics of CFRP and glass fiber

reinforced plastic (GFRP). Mall et al. [46] investigated the tension—compression fatigue

behavior of unnotched and notched carbon/epoxy composites manufactured using the H-
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VaRTM (heated vacuum-assisted resin transfer molding). Yashiro and Okabe [47] studied

fatigue damage identification in open-holed CFRP laminates by using embedded fiber

Bragg grating (FBG) sensors. Kawai and Shiratsuchi [34] investigated the effect of notch

on fatigue behavior of CFRP laminates with different stacking configurations. More

recently, Fujita et al. [54] investigated mechanical properties such as compression after

impact and compressive strength with OHT specimens of ICF laminates with toughened

interlayers. Most of the above studies on open-holed laminates have been performed on

continuous CFRP laminates while very little attention has been paid to fatigue behavior of

open-holed ICF CFRP laminates.

The objective of the present study is to investigate fatigue behavior and damage

progress of open-holed ICF CFRP laminates with toughened interlayers. Two kinds of QI

ICF laminates were fabricated by autoclave and hot press molding methods. For

comparison, a QI laminate made of continuous prepreg is also manufactured by the

autoclave method. First, S (maximum stress)-N (the number of cycles to failure) curves

were measured for the above three laminates. Second, the internal fatigue damage

progress was observed using optical microscopy and radiography. Finally, the effect of

interlayers on fatigue progress was discussed based on the microscopic observation of the

damages.
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2.1 Experimental Procedure

The prepreg used in this study is made of carbon fiber (volume fraction 0.58) and
epoxy resin with interlayers, (T800S/#3900-2B, Toray Industries). This prepreg system
contains about 30 um thick interlayers including tough thermoplastic particles on the 150
um thick base CFRP layer. A micrograph on the cross-section of the laminate is presented
in Fig. 2-1.

In this study, we made ICF sheets as proposed by Taketa et al. [21]. An automatic
cutting machine with a special tangential blade was employed to mechanically introduce
ICFs into the prepreg. The schematic of the ICF patterns in this study is illustrated in Fig.
2-2. 1 mm-long staggered ICFs were arrayed at an interval of 25 mm in the fiber direction.
Two types of ICF laminates with an ICF angle 6 of 22.5° were fabricated by using the

Interlayer CFRP layer Plastic particle Epoxy resin Carbon fiber

H
oo, —

(@) CFRP layers and interlayers (b) CFRP with Interlayer and ICF

Figure 2-1: Microstructure of the CFRP laminate used in the fatigue test [71].
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autoclave method (ICF-A) and press molding method (ICF-P). The ICF plies were
prepared by cutting 300 mm and 250 mm square prepreg sheets for the ICF-A and ICF-P
laminates, respectively.

An ICF-A QI laminate was built by stacking ICF plies in a sequence of [45/0/-45/90]s
and then cured in the autoclave. The schematic of the press molding process is illustrated
in Fig. 2-3. An ICF-P QI laminate was made by stacking ICF plies in a sequence of [45/0/-
45/90]2s into a mold (300 mm square) and cured at a pressure of 0.3 MPa and a temperature
of 150° C for 30 min, during which its area increases from 70 % to 100 % of the mold. For
comparison, a Continuous-A QI laminate was also fabricated by stacking the conventional
prepreg (250 mm square) without ICFs in a sequence of [45/0/-45/90]s and then cured

using autoclave method.

& ,

/ / / / / /

/
/

Fiber direction

<
~
S~
[~
~
~

g=225° Unit: mm

Figure 2-2: Schematic of ICF patterns introduced in the prepreg [71].
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Figure 2-3: Schematic of an ICF-P laminate before and after press-molding [71].
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Figure 2-4: Dimensions of the open hole tension (OHT) specimen [71].

OHT specimens were then cut out from laminates according to the ASTM standard
(D5766). The dimensions and geometry of OHT specimens are shown in Fig. 2-4. The
specimen is 304 mm long and 38 mm wide. A 6.3 mm diameter hole was made at the
center of the specimen by using a drilling machine. No end tabs were bonded on the
specimen because fracture did not occur near the grip area. Table 2-1 summarizes the

stacking sequence, the thickness and static tensile strength of the Continuous-A, ICF-A
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Table 2-1: Stacking sequence, thickness and static tensile strength of OHT specimens [71].

. Stacking :Tb_iclcness Static tensile
Laminate Laminate Ply strength
sequence (mm) (mm) (MPa)
Continuous-A  [+45/0/-45/90]: 1.55 0.194 531.2
ICF-A [+45/0/-45/90]s 1.56 0.195 432.7
ICE-P [+45/0/-45/90]2 2.16 0.135 531.6

and ICF-P OHT specimens.

The tensile fatigue tests were conducted at a room temperature with a sinusoidal
waveform under a load-control condition using a hydraulic testing machine (8516
INSTRON). All the tests were performed at a stress ratio of 0.1 and at a frequency of 3 Hz.
The maximum stress omax Was varied between 60 and 95 % of the static tensile strength
cont of each ICF OHT specimen. The tests were terminated at N of 10° cycles even if no
failure occurred. In order to quantitatively evaluate the magnitude of damage, fatigue tests
(omax = 0.73 oonT) of one specimen for each laminate was interrupted at the prescribed
numbers of cycles (N = 10%, 104 10°) before final failure. The internal damage progress
during the fatigue test was observed using transmissive radiography (SOFTEX M-100)
with the aid of zinc iodide as a contrast medium. The projected internal damage area was

then quantitatively measured using commercial imaging software.
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2.3 Results and Discussion
2.3.1 S-N Curves

Figure 2-5 shows the S-N curves for the Continuous-A, ICF-A and ICF-P laminates.
The S-N curve of the Continuous-A laminate shows the least reduction of fatigue strength
among the three laminates (approximately by 5% of the static tensile strength at 10 cycles).
In contrast, the S-N curve behavior of the ICF-Aand ICF-P laminates was similar although
the static strength of the ICF-P laminate was higher than that of the ICF-A laminate. The
fatigue strength in both laminates decreased approximately by 30 % of their static tensile

strength at N of 10° cycles. Comparing the results of Continuous-A and ICF-A laminates,
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Figure 2-5: S-N curves of three types of OHT specimens [71].
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both the static tensile strength and fatigue strength of the ICF-A laminate are smaller than
those of the Continuous-A laminate. This indicates that damage are easily initiated from
ICFs at relatively low stress levels or low numbers of cycles, as shown later. Moreover,
comparing the ICF-A and ICF-P laminates, both the static tensile strength and fatigue
strength of the ICF-P laminate (ply thickness 1.56 mm) were higher than those of the ICF-
A laminate (ply thickness 2.16 mm). The main reason for higher strength of the ICF-P
laminate is the thinner plies as has been analytically explained by Taketa et al. [21].
2.3.2 Damage Progress

Figures 2-6a, 2-6¢, 2-7a, 2-7c, 2-8a and 2-8c depict the schematics of damage
progress viewed from the top and projected soft X-ray photos for the Continuous-A, ICF-
A and ICF-P laminates, respectively. Figures 2-6a, 2-7a, and 2-8a are illustrations based
on the X-ray photos while Figs. 2-6b, 2-7b and 2-8b are ones based on the optical
micrographs on the edge surfaces. Figures 2-9 and 2-10 present the crack density and
delamination area around the hole, respectively, for the three laminates at three numbers
of cycles. The measurement area around the hole for crack density and delamination is
293 mm?,

First, at N of 10%, transverse cracks in the +45° and 90° plies and splitting cracks in

the 0° plies are initiated from the hole roots (arrows A) as well as from the both edges in
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Figure 2-6: (a) Top and (b) edge views of schematic damage progress, (c) an
X-ray photo and (d) and an optical micrograph on the edge in the Continuous-
A specimen [71]. 51
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Figure 2-7: (a) Top and (b) edge views of schematic damage progress, (c) an
X-ray photo and (d) and an optical micrograph on the edge in the ICF-A

specimen [71].
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Figure 2-8: (a) Top and (b) edge views of schematic damage progress, (C)
an X-ray photo and (d) and an optical micrograph on the edge in the ICF-P
specimen [71].
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all the laminates. The crack density, which is defined as the sum of the crack length per
unit area around the hole, in the Continuous-A laminate is the largest among the three
laminates as shown in the Fig. 2-9. This is mainly due to a lot of cracks propagating from
the splitting cracks in the longitudinal ply. Comparing both ICF laminates, the crack
density in the ICF-P laminate is smaller than that in the ICF-A laminate since the ply is
thinner in the ICF-P laminate. On the other hand, the delamination area is comparable in
the three laminates.

Second, at N of 10%, the transverse cracks from the both free edges propagated and
were connected with each other across the width of the specimens. In the ICF-A laminate
(Fig. 2-7), a lot of cracks were newly generated from ICFs existing not only around the
hole but also away from the hole. Consequently, the crack density in the ICF-A laminate
is the largest among the three laminates. In contrast, the crack density and delamination
area are the smallest in the ICF-P laminate.

Third, at N of 10°, the density and length of cracks increase rapidly, especially in the
Continuous-A and ICF-A laminates (Fig. 2-9). The delamination propagating around the
hole in the Continuous-A and ICF-A laminates are more remarkable than that in the ICF-
P laminate as shown in Fig. 2-10. As a result, the ICF-P laminate shows the smallest

damage growth among the three laminates. This is because the initiation and propagation
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of matrix cracking are suppressed as the ply becomes thinner. In addition, the area of the

cracking and delamination is limited near the hole roots as shown in Fig. 2-8c.
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Figure 2-9: Crack density around the hole at three numbers of cycles for the

three laminates [71].
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Figure 2-10. Delamination area around the hole at three numbers of cycles for the

three laminates [71].
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Figures 2-6b, 2-7b and 2-8b schematically show the damage progress on the free edge

surfaces of the three laminates. In the Continuous-A laminate (Fig. 2-6), the damage

scenario is as follows: (1) Transverse cracks are initiated in the 90° and +45° plies. (2)

The number of transverse cracks increases with increasing N. (3) Adjacent transverse

cracks are connected with each other by way of the ply interfaces. (4) Delamination is

generated and extends along the specimen length and across the specimen width. The

delaminations are mainly caused by the interlaminar shear stress at the both free edges

(Figs. 2-6d, 2-7d and 2-8d) and the hole roots (Figs. 2-6a, 2-7a and 2-8a). On the other

hand, the damage progress in the ICF-A (Fig. 2-7) and ICF-P laminates (Fig. 2-8) are

summarized as follows: (1) Transverse cracks independent of ICFs occur in the 90° and

+45° plies. (2) New cracks extend from the tips of ICFs only in the ICF-A laminate. (3)

Adjacent transverse cracks are connected with each other through the ply interfaces. (4)

Delamination is generated and extends at the ply inter faces. In particular, the

delamination occurs at the ply interfaces near ICFs at the early stage of cycles (arrows B).

From the above schematics, it is found that the delamination in the Continuous-A

laminate is more prominent than that in the ICF-A laminate. Contrarily, relatively small

delamination locally extends around the hole in the ICF-P laminate (Fig. 2-8d). It is

revealed that matrix cracks are relatively difficult to propagate in the ICF-P laminate with
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thinner plies.

The final fracture behavior for the three types of laminates are schematically shown
in Fig. 2-11. All the specimens exhibit a brittle fracture manner. In the Continuous-A

45° Cracks

s\\\\\\\\\\\\\\

-45° Ply 0° Ply 45° Ply

Fiber breakages

DA

Delamination

-
A
f

Splitting cracks Fiber breakages

(b) ICF-A laminate

Delamination
/

4

Splitting cracks Fiber breakages

(c) ICF-P laminate

Figure 2-11. Schematics of final fracture behavior of the three OHT specimens [71].
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laminate, the delamination at the interface between the 45° and 0° plies dominates the

final failure. The splitting cracks generated from the hole roots in the 0° plies propagate

along the specimen length to induce the delamination, which causes full peel-off of the

plies at the 0°/-45° interfaces. The delamination starting from the hole propagates in the

Splitting cracks Multiple splitting
\
ﬂ ICFs
Single splitting cracks \
(a). Continuous-A (b). ICF-A (c). ICF-P

Figure 2-12: Schematics of split progress in 0° ply: (a). Continuous-A, (b). ICF-A, and
(¢). (ICF-P) laminates [71].

loading (longitudinal) direction and reaches both ends of the specimen at the final failure

stage. In contrast, in the both ICF laminates, the final fracture mode is fiber breakage

around the hole, although free-edge delamination is more remarkable in the ICF-A

laminate. In addition, the damages including delamination and fiber breakage in the both

ICF laminates tend to extend in the transverse direction rather than in the longitudinal

direction. The propagation behavior of the splitting cracks in the 0° plies in the

Continuous-A, ICF-A, and ICF-P laminates is illustrated in Fig. 2-12. The ICFs hinder

propagation of the splitting cracks in the ICF laminates and induce the crack deflection

(Fig. 2-12b and c). Consequently, the splitting cracks initiated around the hole in the ICF
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laminates (Figs. 2-7a and 2-8a) are shorter than those in the Continuous-A laminate (Fig.
2-6a). In addition, multiple splitting cracks are only generated in the ICF-P laminate (Fig.
2-12c). Figure 2-12 also explains the decrease of the fatigue strength in the S-N curves for
the ICF-A and ICF-P laminates, where the intact ligament width becomes smaller by the
connection of ICFs. In addition, comparing the present result with the result of static
tensile test for the similar OHT specimens [12], it is found that the delamination is more
predominant in the fatigue failure. This is presumably because the fatigue delamination

propagation occurs during cyclic loading.
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Figure 2-13: SEM photos of cross-sections near the hole of the specimen after fatigue
test; (a) cracks around interlayer (b) crack at interface, and (c) transverse crack [71].
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2.3.3 The Effect of Interlayers

Figure 2-13 depicts the scanning electron micrographs of cross-sections near the hole
of the specimen after the fatigue test. Two types of cracks are observed; one is generated
at the interface between the base ply and the interlayer (Crack B, Fig. 2-13b) and the other
is initiated in the matrix of the base ply (Crack C, Fig. 2-13c). Cracks B and C extend in
the directions parallel and perpendicular to the interlayer, respectively. Both cracks are
arrested by the interlayer as depicted in Figs. 2-13b and c. This result testifies that the
interlayer plays a role of a crack arrestor also for fatigue crack propagation even near the
hole. Namely, propagation of the cracks generated in the base plies stop near the interfaces

between the base plies and the interlayers, resulting in suppression of delamination.

2.4 Conclusions
The fatigue behavior and damage progress in open-holed CFRP laminates with ICF
toughened with interlayers are presented. From the experimental results, the following
conclusions are derived:
1. The fatigue strength of the Continuous-A laminate is the highest among the three
laminates. The decrease ratio of fatigue strength at N of 108 is only 5% of its static
strength.

2. The fatigue strength of the ICF-P laminate is higher than that of the ICF-A laminate.
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However, the decrease ratio of fatigue strength at N of 10° is about 30% of its static
strength, which is almost the same in the both ICF laminates.

The degree of damage in the ICF-P laminate is the smallest among the three
laminates while the increase rate of the crack density is the greatest in the ICF-A
laminate with thicker plies.

The damage propagation direction around the hole in the Continuous-A laminate is
rather longitudinal while that in the both ICF laminates is transverse.

The interlayer acts as a crack arrestor for fatigue crack propagation even near the
hole.

Further work is still required to quantitatively predict fatigue damage development

in both ICF laminates by finite element analysis.
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Chapter 3

Effect of Fiber Cutting Angle on The Fatigue Behavior of Open-Holed CFRP

Laminates with Initially Cut fibers

This study investigated the effects of fiber cutting angle on the fatigue behavior of open-
holed carbon fiber-reinforced plastic (CFRP) laminates with initially cut fibers (ICFs).
Three kinds of fiber cutting angles (8 = 22.5, 45, and 90°) were applied to two types of
quasi-isotropic ICF laminates: one was fabricated using autoclave (ICF-A) and the other
was fabricated using press molding (ICF-P). First, fatigue tests were conducted to obtain
S (maximum stress)-N (the number of cycles to failure) curves in order to reveal fatigue
strength. The fatigue tests of one specimen for each configuration were interrupted at
three prescribed numbers of cycles to observe damage progress. Finally, a semi-empirical
equation was proposed to predict delamination area just before the final failure against

normalized applied stress.
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3.1 Introduction

Recently, researchers are concerned with the application of carbon fiber-reinforced

plastics (CFRPs) to aircraft and automobiles structural components for the purpose of

higher fuel consumption efficiency and the further requirements of environment

protection. Such structural components often have circular holes for several technical

reasons such as joining, weight reduction and functional needs. These components are

frequently subjected to cyclic loads and vibrations, which may cause degradation of

structural integrity owing to fatigue damage.

It is quite difficult to fabricate such components using only conventional CFRP

prepreg with continuous fiber because of its poor formability. In contrast, discontinuous

fiber-reinforced plastics fabricated by sheet molding compound (SMC) or injection

molding have already been used as automotive parts since they have good molding

flowability. However, their strength is much lower than that of composites reinforced with

continuous fiber. Therefore, a new material, called unidirectionally arrayed chopped

strands, was developed by Taketa et al. [21] by introducing a regular fiber cutting pattern

into CFRP prepreg. The laminates with inititially cut fibers (ICFs) possess higher strength

and uniformity of layer structure than SMCs. In their subsequent paper [27], they

investigated the effect of interlaminar toughening on suppression of delamination in ICF
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laminates. They found that ICF laminates with interlaminar toughening achieve higher

strength than conventional ICF laminates. Yashiro & Ogi [51] investigated the effects of

ICF on fracture behavior in CFRP cross-ply laminates, having alternate or identical ICF

angle £6 in the 0° plies. They observed the damage progress during tensile tests for

several geometries of ICF and evaluated fracture behavior in ICF laminates by a layer-

wise finite element (FE) model using cohesive elements. They confirmed that the

longitudinal stress concentrates at the central line of ICF and the damage of laminates

occurred mostly near the highest stress concentration. Next, Taketa et al. [28,52] proposed

a technique for enhancing strength and uniformity of layer structure in ICF laminates by

introducing small cutting angles to the fiber direction. They also studied the flowability

of structure made of a flat plate and a T-shaped rib using ICF, and visualized the

movement of the chopped strands. More recently, Fujita et al. [54] investigated

mechanical properties of ICF laminates and found that the ICF laminates maintained high

mechanical properties after forming to complex shapes.

In order to improve the strength and material symmetry of ICF laminates, two newly

designed ICF prepregs with discontinuous staggered angled ICFs and with discontinuous

bi-angled ICFs are proposed by Li et al. [29]. They revealed that such ICF laminates

possessed higher strength and better flowability than existing ICF laminates. Li et al. [30]
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also studied the damage progression in three kinds of ICF quasi-isotropic laminates under

tension by FE simulation based on multiscale analysis.

Fatigue properties are important in real structures, and numerous studies have been

performed on fatigue behaviour of various kinds of open-holed CFRP composites under

a variety of loading conditions [34,36,38,46,47,53,55,56]. However, as far as the authors

know, almost all the previous studies have performed for conventional composites (i.e.

unidirectional or woven). Although static, tensile and compressive strength of open-holed

ICF laminates have been reported [54], S-N curves and fatigue damage progress of open-

holed ICF laminates have not been sufficiently studied so far.

In the presents study, the effect of fiber cutting angle 6 on the fatigue behavior and

damage progress in open-holed ICF laminates is investigated. In order to validate the

effect of ICF angle @ and laminate thickness on fatigue damage behavior, we prepared

two kinds of quasi-isotropic ICF laminates with three staggered cutting line patterns. First,

S-N curves were measured for the above six ICF laminates. The microscopic fatigue

damage progress was then investigated using optical microscopy and radiography. Finally,

a semi-empirical equation was proposed to predict delamination area just before the final

failure against normalized applied stress.
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3.2 Experimental Procedure

The composite laminates were fabricated using the prepreg made of carbon fiber
(volume fraction 0.58) and epoxy resin with interlayers, (T800S/#3900-2B, Toray
Industries). This prepreg system contains about 30 um thick interlayers including tough
thermoplastic particles on the 150 um thick base CFRP layer. A micrograph on the cross-
section of the laminate is presented in Fig. 3-1.

In this study, we made ICF sheets as proposed by Taketa et al. [21]. An automatic
cutting machine with a special tangential blade was employed to mechanically introduce
fibers cutting into the prepreg. The ICF patterns are illustrated in Fig. 3-2. 1 mm-long
staggered fibers cutting were arrayed at an interval of 25 mm in the fiber direction. Two

types of ICF laminates with three kinds of 8 (22.5°, 45°, and 90°) were fabricated by

Cutting line Cutting line Epoxy resin  Carbon fiber

Figure 3-1: Microstructure of T800S/3900-2B laminates with ICFs [72].
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Fiber & load direction

(©) 6=90°

Figure 3-2: Schematics of the three cutting patterns [72].

67

Unit: mm



using autoclave method (ICF-A) and press molding method (ICF-P). The ICF plies were
prepared by cutting prepreg sheets 300 mm and 250 mm square for ICF-A and ICF-P
laminates, respectively.

An ICF-A laminate was built by stacking ICF plies in the quasi-isotropic sequence of
[45/0/-45/90]s and then cured in the autoclave. The thickness of cured laminates and each

ply was 1.56 mm and 0.2 mm, respectively. The press molding process is schematically

Prepregs area Molding area
(250 x 250 mm?) (300 x 300 mm?)

| il

(222 L 2L

.H. —— —

Before molding After molding
Figure 3-3: Schematics of press molding [72].

304
1582 [

38

T Unit: mm

Figure 3-4: Dimensions of the open hole tension (OHT) specimen [72].
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shown in Fig. 3-3. An ICF-P laminate was made by stacking ICF plies with a sequence
of [45/0/-45/90]2s into a mold cavity (300 x 300 mm) and cured at a pressure of 0.3 MPa
and a temperature of 150° C for 30 min, where its area increased from 0 to 100 % of the
mold. The thickness of cured laminates and each layer was 2.16 mm and 0.14 mm,
respectively.

Open hole tension (OHT) specimens were then cut out from the cured laminates
according to the ASTM standard (D5766). The dimensions and geometry of OHT
specimens are shown in Fig. 3-4. The specimen is 304 mm long and 38 mm wide. A 6.3

mm diameter hole was made at the center of the specimen by using a drilling machine.

600
mICF-A BICF-P

Ln
=]
=]

400

300

200

Tensile strengtht, Gor (MPa)

=t
[=]
=]

22.5 45
Fiber cutting angle, 8(°)

Figure 3-5: Static tensile strength of two types of open holed specimens [72].
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The static tensile strength of the ICF-A and ICF-P specimens with the three 8 are shown
in Fig. 3-5.

The tensile fatigue tests were conducted at room temperature with a sinusoidal
waveform under load-control conditions using a hydraulic testing machine (8516
INSTRON). All the tests were performed at a stress ratio of 0.1 and at a frequency of 3
Hz. The maximum stress, omax, Was varied between 60 and 85 % of the static tensile
strength, conT, Of each ICF laminate. The tests were terminated at one million cycles even
if no failure occurred. In order to quantitatively evaluate the magnitude of damage, fatigue
tests (omax= 0.65.c0nT) Were interrupted for several additional specimens at three
prescribed numbers of cycles (N =10%, 10% 5x10%). The damage progress during the
fatigue test was observed using penetrant radiography technique. A penetrant made of
zinc iodide, as a contrast medium, was infiltrated into the specimens. The projection
image of internal damage was then captured using soft X-ray radiography (SOFTEX M-
100).

3.3 Results and Discussion
3.3.1 S-N Curves

Figure 3-6 shows the normalized S-N curves for ICF-A and ICF-P laminates. Here, S
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Figure 3-6: S-N curves of two types of open-holed ICF laminates with the three
fiber cutting patterns [72].
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represents the maximum tensile stress normalized by the static tensile strength of each
laminate. In ICF-A laminates (Fig. 3-6(a)), the S-N curves for 8 = 90° and 45° exhibit
similar tendency although the static strength for & = 90° is higher than that for = 45°,
The normalized fatigue strength in both laminates decreases gradually to approximately
60 % at 10° cycles. Comparing with the laminates having larger 6, the slope of the S-N
curve for 8= 22.5° is slightly smaller and its fatigue strength decreases to approximately
70 % of the static strength at 10° cycles. In the ICF-P laminates (Fig. 3-6(b)), the
normalized fatigue strength for = 90° and 45° is almost the same. However, the decline
of fatigue strength in the laminates with 8= 90° is larger than that of the laminates with
0=45°.

The fatigue strength for = 90° and 6= 45° is approximately 62 % and 70% of their
static tensile strength, respectively, at 10° cycles. Contrarily, the slope of the S-N curve
for 8= 22.5° is the smallest among the three ICF laminates where the fatigue strength is
kept to be relatively high (approximately 72 % of the static strength) even at 10° cycles.

Based on the results in both ICF laminates, the fatigue strength is the highest for 6=
22.5° among the three 6. This indicates that damage progress is more suppressed as the 8
becomes smaller. It is supposed that stress distribution around ICF depends on fiber

cutting angle and plays a significant role in the damage progress. Moreover, comparing
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the ICF-A and ICF-P laminates, the fatigue strength of ICF-P laminates (ply thickness
0.14 mm) was slightly higher than that of ICF-A laminates (ply thickness 0.2 mm) for all
the fiber cutting angles (see Fig. 3-6). The main reason for higher strength in the ICF-P
laminates is smaller thickness of plies as has been analytically explained by Taketa et al.
[21].
3.3.2 Damage Progress

Figure 3-7 depicts the projected images of fatigue damage progress in open-holed
ICF-A laminates for the three @ at the three N. Hereafter, the locations of cracked ICFs
were identified from the initial ICF pattern. The sequence of damage around the hole
common to all the laminates was as follows. At N = 103 cycles, transverse cracks in the
90° plies are generated from the hole boundary followed by off-axis cracks, which are
matrix cracks in the +45° plies along the splitting cracks in the 0° plies propagating from
the hole roots (arrows A). Such cracks and ICFs concentrate in the vicinity of the two
hole roots. A few cracked ICFs also appear around the hole. At N = 10* cycles, the
transverse cracks, off-axis cracks, and splitting cracks extend and are connected with each
other. Moreover, the delamination is induced by splitting cracks at the (45°/0°) and (0°/-
45°) ply interfaces near the hole roots and extends in the transverse direction. At N =5 x

10* cycles, the crack length as well as the number of cracks rapidly increases together
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with further delamination growth. Final failure of the specimen occurs due to the fiber

fracture in the 0° plies.

N=103cycles

UOTJORIIP SSISASUBIL],

4+—P>c
Loading direction

N=104cycles

N=5x104cycles

(a) O=22.5° (b) O=145° ) 0=90°

Figure 3-7: Soft X-ray photographs showing projected damage in holed ICF-A
laminates for the three @at the three number of cycles [72].
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(a) 6=225° (b) 6O=45° (¢) 6=90°
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Loading direction

Figure 3-8: Soft X-ray photographs showing projected damage in holed ICF-P laminates
for the three @at the three number of cycles [72].
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The difference of damage progress among the three fiber cutting angles is as follows.
More cracked ICFs are initiated in the laminates with 8 = 22.5° and 45° than in the
laminate with 8= 90°. This is because the distance between the ICFs (d = 12.5 sin@dmm)
becomes shorter as @ becomes smaller. Figure 7 also shows that the delamination in the
laminates with @ = 90° and & = 45° is greater than that in the laminate with 6 = 22.5°.
Consequently, it is found that the matrix cracking is a major damage mode in the laminates
with smaller &while the delamination becomes dominant with increasing é.

Figure 3-8 presents the fatigue damage progress of open-holed ICF-P laminates for
the three @at the three N. At the earliest stage of fatigue (N = 102 cycles), the predominant
damage mode is transverse cracking at the hole roots in the 90° plies for all @ although
short splitting cracks tangent to the hole are also initiated. However, there are few off-
axis cracks in the +45° plies at this stage. Next, at N = 10* cycles, the transverse and off-
axis cracks are generated from the splitting cracks that become longer. In addition, the
delamination starts to develop from the two splitting cracks. At the later stage (N =5 X
10* cycles), the delamination continues to grow across the width in all the laminates. The
laminates with @ = 90° exhibit wider delamination compared with two other laminates
having smaller 6. This result means that the damage progress rate in the ICF-P laminate

with = 90° is the highest among the three 8 because the stress concentration generated
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around the fiber cutting lines is the highest in this laminate. The above damage progress

in the ICF-P laminate is similar to that in the ICF-A laminate, where the damage progress

rate is the highest in the laminate with 8= 90° as shown in Fig. 3-8(c).

From the above result, it is found that the fatigue damage mechanisms of the ICF-A

and ICF-P laminates are almost the same as follows: (1) Transverse cracks independent

of ICFs occur in the 90° and +45° plies. (2) New cracks extend from the tips of ICFs only

in the ICF-A laminate. (3) Adjacent transverse cracks are connected with each other

through the ply interfaces. (4) Delamination is generated and extends at the ply interfaces.

However, the damage area including delamination, matrix cracks, splitting cracks in the

ICF-P laminate is smaller than that in the ICF-A laminate.

Figures 3-9 and 3-10 present the ICF-A and ICF-P laminates with the three & after

fatigue failure, respectively. All the laminates exhibit a brittle fracture mode accompanied

by fiber breakage after unstable delamination growth. More fiber breakages are observed

in the fractured laminate with 8 = 22.5° than in the laminates with @ = 90° and 45°. In

contrast, delamination is more dominant in the laminates with &= 45° and 90° compared

with the laminate with 8= 22.5°. This is mainly because the in-plane shear stress, causing

delamination, becomes larger as @ becomes greater. Main difference between the ICF-A

and ICF-P laminates is the delamination area after final failure as shown later.
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§=0.65

Delaminations

§=0.65

(c) 6=90°

Figure 3-9: Typical images of fractured specimens of ICF- A laminates with the three 8 [72].
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Figure 3-10: Typical images of fractured specimens of ICF-P laminates with the three 8[72].
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3.3.3 Delamination Area at Final Failure

Figure 3-11 shows delamination area for the ICF-A and ICP-P laminates with the
three @at the three N (103, 10%, 5x10* cycles) before final failure. The correlation between
the delamination area Aq¢ and N can be fairly well predicted by the following polynomial
equation:
N=ao+aiAg+ a2 Ad® + asAs’ 1)
where ao, ai, az, and az are the coefficients in the equation and given in Table 3-1. The
normalized applied stress S for the six laminates is approximated as the following function
of the number of cycles to failure Nt
S=c—dlogio Nt (2
where ¢ and d are the constants determined from Fig. 3-5 and summarized in Table 3-2.
Combination of egs. (1) and (2) yields
S=c—dlogio (a0 + a1 Adgr+ a2 Agr 2 + as Agt °) 3
where Agr denotes Aq just the before final failure (N = Ny).

Figure 3-12 shows predicted Aqgr against S for the ICF-A and ICF-P laminates. The

arrows in the figures represent the maximum Aq obtained in the experiment (Fig. 3-11).

80



oo
=

~1
[l
T

N
o
]

Ln
=]
T

N
<
T

['S)
<
T

Delamination area, A4 (mm?)
[y
=

10

1.LE+02 1.LE+03 1.E+04 1.E+05
Number of cycles, log N

(a) ICF-A

o0
o

1.E+06

-
[a]
1

[=)]
=
T

tn
o
T

Delamination area, 4, (mm?)
o (V8] =N
[e] o o
1 ] ]

,,_.
<
T

0

1.LE+02 1.E+03 1.E+04 1.E+05
Number of cycles, log N

(b) ICF-P

1. E+06
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The predictions above these values are omitted from the curves. From Fig. 3-6, the

effective range of S, which is defined as the range of normalized applied stress, is

0.65<5<0.9 and 0.65<S5<0.8 for the ICF-A and ICF-P laminates, respectively. In the ICF-

A laminates (Fig. 3-12(a)), the delamination growth behavior of the laminates with € =

45° and 90° is quite similar. In contrast, the delamination area in the laminate with 6=

22.5° will be overestimated for S<0.8. As mentioned above, the prediction in this region

Is not significant since it does not always provide a reasonable value of Ags. Also in the

ICF-P laminates (Fig. 3-12(b)), the delamination growth behavior is similar between the

laminates with @ = 45° and 90°. In contrast, the delamination progress of the laminate

with = 22.5° cannot be predicted because the whole curve is out of the effective range

Table 3-1: The coefficients of the polynomial equation for the ICF-A and ICF-P laminates.

.. ICF-A Laminates ICP-P Laminates
Coefficients
0 =225°| O =45° 0=90° | §=225°| O =45° 0 =90°
o 400 400 400 400 400 400
a 117.17 128.46 111.23 197.87 55.071 40.419
a 24.923 2.2371| -0.28952 28.995 32.335 22.421
a3 -0.18144| 0.17745( 0.12487 1.3135| 0.39783| -0.11286

Table 3-2: The constants of the normalized S-N equation for the ICF-A and ICF-P
laminates.

ICF-A Laminates ICP-P Laminates
Constants
0 =225°| O =45° 0=90° | §=225°| O =45° 0 =90°
C 1.496 1.4976 1.5469 1.1896 0.961 0.9864
0.1543 0.1658 0.1819 0.0852 0.0507 0.0645
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of S and Aq. This difference in delamination growth behavior among the three & suggests

that the laminate with @ = 22.5° fractures in a fiber breakage mode while the other two

laminates fail in a delamination mode. Next, comparing the ICF-A and ICF-P laminates,

Agr In the ICF-A laminates is larger than that in the ICF-P laminates. This is mainly

because damages tend to be more easily generated and grow in the ICF laminates having

thicker plies [27].

3.4 Conclusions

The fatigue behavior in the open-holed laminates with three different fiber cutting

angles is experimentally investigated. The conclusions are summarized below:

1. The S-N behavior of the ICF laminates was governed by the fiber cutting angle. The

highest fatigue strength was obtained in the ICF-P laminate with the smallest £ (22.5°).

2.The ICF laminates with the largest fiber cutting angle (90°) exhibit the greatest

delamination growth around the hole.

3. A semi-empirical equation can predict the delamination area just before the final

failure in the ICF-A and ICF-P laminates with larger € (45° and 90°).
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Chapter 4

Fatigue Behavior of Non-holed CFRP Laminates with Initially Cut Fibers

In this chapter, we investigated fatigue behavior and damage progress of non-holed CFRP

laminates with ICFs having interlayers. Three types of CFRP laminates were employed; a

laminate without ICF fabricated using an autoclave (Continuous-A), a laminate with ICF

fabricated using an autoclave (ICF-A) and a laminate with ICF fabricated using press

molding (ICF-P). First, fatigue test was conducted to obtain S (maximum stress)-N (the

number of cycles to failure) curves in order to reveal fatigue strength. The fatigue tests for

several specimens were interrupted at three prescribed numbers of cycles to observe

damage progress.
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4.1 Introduction

Recently, carbon fiber-reinforced plastics (CFRPS) have been widely applied to be a
primary structural material in the fields of transportation (aircraft and automobiles) and
other fields replacing metal materials because a large fuel saving becomes possible by
making structures light. When CFRP laminates are applied in automobiles structures, these
components are frequently subjected to cyclic loads and vibrations, which may cause
degradation of structural integrity because of fatigue damage. Note that fatigue fractures
are the main cause of the destruction of machinery in metal materials. Thus, it is important
to investigate the fatigue characteristics of CFRP for application as a primary structural
member in various fields. In addition, for design requirements and functional needs, an
automobile is composed of many complexly shaped components.

It is quite difficult to fabricate such components using only conventional CFRP
prepreg with continuous fiber owing to its poor formability. In contrast, discontinuous
fiber-reinforced plastics fabricated by sheet molding compound (SMC) or injection
molding have already been used as automotive parts since they have good molding
flowability. However, their strength is much lower than that of composites reinforced with
continuous fiber. Therefore, a new material, called unidirectionally arrayed chopped

strands, was developed by Taketa et al. [21] by introducing initially cut fibers (ICFs) into
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CFRP prepreg. The strength and uniformity of layer structure of the ICF laminate were

found to be superior to SMCs.

Several experimental results have been reported on ICF laminates thus far. In the

subsequent paper by Taketa et al. [27], the effects of interlaminar toughening on

suppression of delamination in ICF laminates were experimentally studied. Yashiro & Ogi

[51] investigated the effects of ICFs on fracture behavior in CFRP cross-ply laminates,

having alternate or identical ICF angle +@in the 0° plies. Next, Taketa et al. [52] proposed

a technique for enhancing strength and uniformity of layer structure in ICF laminates by

introducing ICFs with small angles for the fiber direction. Furthermore, Taketa et al. [28]

also investigated mechanical properties of ICF laminates for the application as structural

material for complex geometry. They found that the ICF laminates maintain high

mechanical properties after forming to complex shapes. Li et al. [29] proposed two newly

designed ICF prepregs with discontinuous staggered angled ICFs and discontinuous bi-

angled ICFs. Li et al. [30] also studied the damage progression in three kinds of ICF quasi-

isotropic (QI) laminates under tension by finite element simulation based on a multiscale

analysis. Most of the investigations were concerned with the improvement of mechanical

properties (e.g: tensile and modulus strength) and flowability while little attention has been

paid to fatigue behavior of CFRP laminates with initially cut fibers.
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Meanwhile, the damage and fracture process of laminated composites under cyclic

loading is an important issue in the application to load bearing structures. In order to

evaluate the damage behavior and strength of laminated composites, many investigations

have been carried out on the fatigue strength evaluation [57—60] and the damage initiation

and evolution [61-70]. However, most of the above studies on have been performed on

continuous CFRP laminates with various stacking sequence while very little attention has

been paid to fatigue behavior of CFRP laminates with initially cut fibers.

The present investigation aims at making clear the fatigue strength and damage

progress of ICF CFRP laminates with toughened interlayers under tension-tension cyclic

loading. Two kinds of QI ICF laminates were fabricated by autoclave and hot press

molding methods. For comparison, a QI laminate made of continuous prepreg is also

manufactured by the autoclave method. Fatigue tests were carried out on three kinds of

laminates to reveal fatigue strength and damage progress. First, S (maximum stress)-N

(the number of cycles to failure) curves were measured for the above three laminates.

Then, the internal fatigue damage progress was observed using radiography.

4.2 Experimental Procedure

The prepreg used in this study is made of carbon fiber (volume fraction 0.58) and

epoxy resin with interlayers, (T800S/#3900-2B, Toray Industries). This prepreg system
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contains about 30 um thick interlayers including tough thermoplastic particles on the 150

um thick base CFRP layer. A micrograph on the cross-section of the laminate is presented

in Fig. 2-1.

In this study, we made ICF sheets as proposed by Taketa et al. [21]. An automatic

cutting machine with a special tangential blade was employed to mechanically introduce

ICFs into the prepreg. The schematic of the ICF patterns in this study is illustrated in Fig.

2-2. 1 mm-long staggered ICFs were arrayed at an interval of 25 mm in the fiber direction.

Two types of ICF laminates with an ICF angle & of 22.5° were fabricated by using the

autoclave method (ICF-A) and press molding method (ICF-P). The ICF plies were

prepared by cutting 300 mm and 250 mm square prepreg sheets for the ICF-A and ICF-P

laminates, respectively.

An ICF-A QI laminate was built by stacking ICF plies in a sequence of [45/0/-45/90]s

and then cured in the autoclave. The schematic of the press molding process is illustrated

in Fig. 2-3. An ICF-P QI laminate was made by stacking ICF plies in a sequence of [45/0/-

45/90]2s into a mold (300 mm square) and cured at a pressure of 0.3 MPa and a temperature

of 150° C for 30 min, during which its area increases from 70 % to 100 % of the mold. For

comparison, a Continuous-A QI laminate was also fabricated by stacking the conventional

prepreg (250 mm square) without ICFs in a sequence of [45/0/-45/90]s and then cured
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using autoclave method.

Non hole tension (NHT) specimens were then cut out from laminates according to the
ASTM standard (D3039). The dimensions and geometry of NHT specimens are shown in
Fig. 4-1. The specimen is 250 mm long and 25 mm wide. GFRP tabs were bonded at grip
area on the specimen. Table 4-1 summarizes the stacking sequence, the thickness and static
tensile strength of NHT specimens for the Continuous-A, ICF-A and ICF-P laminates.

The tensile fatigue tests were conducted at a room temperature with a sinusoidal

waveform under a load-control condition using a hydraulic testing machine (8516

Table 4-1: Stacking sequence, thickness and static tensile strength of NHT
specimens.

) Thickness Static tensile
_ Stacking -
Laminate Laminate Ply strength
sequence (mm) (mm) (MPa)
Continuous-A  [+45/0/-45/90]s 1.55 0.194 922.5
ICF-A [+45/0/-45/90]s 1.56 0.195 613.1
ICF-P [+45/0/-45/90]2s 2.16 0.135 769
5 56 mm L 56 mm
™ =
E
E
<
n
=
N L =250 mm
GFRP Tab Thickness

— # ———

Figure 4-1 Dimensions of the non hole tension (NHT) specimen.
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INSTRON). All the tests were performed at a stress ratio of 0.1 and at a frequency of 3 Hz.
The maximum stress omax Was varied between 60 and 95 % of the static tensile strength
oont of each ICF OHT specimen. The tests were terminated at N of 10° cycles even if no
failure occurred. In order to quantitatively evaluate the magnitude of damage, fatigue tests
(omax = 0.60 onnT) Of one specimen for each laminate was interrupted at the prescribed
numbers of cycles (N = 102, 10%,10%, 10°) before final failure. The internal damage progress
during the fatigue test was observed using transmissive radiography (SOFTEX M-100)

with the aid of zinc iodide as a contrast medium.

4.3 Result and Discussion
4.3.1 S-N Curves

Figure 4-2 shows the S-N curves of non-holed CFRP for the Continuous-A, ICF-
Aand ICF-P laminates. The S-N curve behavior of the three laminates was similar and the
reduction of fatigue strength for three laminates was approximately by 35% of the static
tensile strength at 10° cycles. The fatigue strength of Continuous-A laminate was the
highest among the three laminates. This suggested that the fatigue strength significantly
depends on the static strength of laminates and it higher in the conventional laminate (with
prepreg without initial cut fibers). Comparing the results of both ICF laminates and

Continuous- laminates, both the static tensile strength and fatigue strength of the ICF-A
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and ICP laminates are smaller than those of the Continuous-A laminate. This indicates that
damage are easily initiated from ICFs at relatively low stress levels or low numbers of
cycles, as shown later in the damage progress of these laminates. Moreover, comparing
the ICF-A and ICF-P laminates, both the static tensile strength and fatigue strength of the
ICF-P laminate (ply thickness 1.56 mm) were higher than those of the ICF-A laminate (ply
thickness 2.16 mm). The main reason for higher strength of the ICF-P laminate is the

thinner plies as has been analytically explained by Taketa et al. [21].
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Figure 4-2: S-N curves of three types of NHT specimens.
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4.3.2 Damage Progress

Figure 4-3, 4-4 and 4-5 show representative damage growth by soft X-ray
photography in quasi-isotropic laminates under fatigue loading for Continuous-A, ICF-A
and ICF-P laminates, respectively.

At early cycles, at N of 102 and N of 10° for all the three laminates, transverse cracks
in the £45° and 90° plies that occurred at specimen edges grew in the width direction of
the specimen and were multiplied in the specimen with an increase in the number of
loading cycles. Comparing both autoclave laminates, the crack density and delamination
area in Continuous-A is more prominent than that in ICF-A. This is mainly due to a lot of
cracks propagating from the 90° plies. In contrast, the crack density and delamination
area in ICF-P laminates are the smallest among the three laminates.

Next, at N of 10* the transverse cracks from the both free edges propagated and were
connected with each other across the width of the specimens. In the ICF-A and ICF-P
laminates, the new cracks were generated from ICFs and they appears more in ICF-A
laminate compared to the ICF-P laminate. This suggested that cracks were difficult to
propagate in the ICF-P laminate due to the ply is thinner in the ICF-P laminate.

Finally, at N = 10°, the delamination generated at the specimen edges increases
rapidly, especially in the Continuous-A and ICF-A laminates. The delamination

propagating in the Continuous-A and ICF-A laminates are more remarkable than that in
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the ICF-P laminate as shown in Fig. 4-3 and 4-4. As a result, the ICF-P laminate shows

the smallest damage growth among the three laminates. This is because the initiation and

propagation of matrix cracking are suppressed as the ply becomes thinner.

From the above damage progress, in the Continuous-A laminate, the damage scenario

is as follows: (1) Transverse cracks are initiated in the 90° and +45° plies. (2) The number

of transverse cracks increases with increasing N. (3) Adjacent transverse cracks are

connected with each other by way of the ply interfaces. (4) Delamination is generated

from free edges and extends along the specimen length and across the specimen width.

The delaminations are mainly caused by the interlaminar shear stress at the both free

edges. On the other hand, the damage progress in the ICF-A and ICF-P laminates are

summarized as follows: (1) Transverse cracks independent of ICFs occur in the 90° and

+45° plies. (2) New cracks extend from the tips of ICFs only in the ICF-A laminate. (3)

Adjacent transverse cracks are connected with each other through the ply interfaces. (4)

Delamination is started from free edges and extends along specimen length and across

the specimen width. In particular, the delamination occurs at the ply interfaces at the early

stage of cycles.

It is found that the delamination in the Continuous-A laminate is more prominent

than that in the ICF-A laminate. Contrarily, relatively small delamination locally extends
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in the ICF-P laminate. It is revealed that matrix cracks are relatively difficult to propagate

in the ICF-P laminate with thinner plies.
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Figure 4-3: Observation of internal damage growth of Continuous-A laminate under
applied stress level of omax = 0.6.05 with soft X-ray photography.

95



B 2 " - e L e R T L o L
. " 4 ) \ " | [

Ll 4 “A""

1
‘ P TrapsYers(e cracks
|

i

bk T T
CHLEZUEN el 2L M

N =8 x 103 Cycles

MR N T BT
| nﬁs“l il 'm i\

e bt il el

TR Kl w" il A"‘f‘ Al

N =5 x 10*Cycles

|

ligld! !
N =1 x 10°Cycles m

Figure 4-4: Observation of internal damage growth of ICF-A laminate under applied
stress level of omax = 0.6.05 with soft X-ray photography.
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N =1 x 10°Cycles |10 mm,

Figure 4-5: Observation of internal damage growth of ICF-P laminate under applied
stress level of omax = 0.6.c5 with soft X-ray photography.

97



4.4 Conclusion

The fatigue behavior and damage progress in non-holed CFRP laminates with ICF
toughened with interlayers are presented. From the experimental results, the following
conclusions are derived:

1. The fatigue strength of the Continuous-A laminate is the highest among the three
laminates while the fatigue strength of the ICF-P laminate is higher than that of the
ICF-A laminate. However, the decrease ratio of fatigue strength at N of 10° is about
35% of its static strength, which is almost the same in the three laminates.

2. The degree of damage in the ICF-P laminate is the smallest among the three laminates
while the increase rate of the crack density and edge delamination is the greatest in
the ICF-A laminate with thicker plies.

3. Further work is still required to quantitatively predict fatigue damage development in

both non-holed ICF laminates by finite element analysis.
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Chapter 5

Conclusions and Future Work

This chapter summarizes the main results of this dissertation and predicts the main

research topics which may be concerned with this study in future.
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5.1 Conclusions

CFRP laminate with initially cut fibers (ICF) is a new type of short fiber reinforced
polymer by introducing regular slits into the conventional prepreg before the fabrication
of laminates. In this study, two kinds of ICF CFRP laminates with toughened interlayers
are fabricated by autoclave (ICF-A laminate) and press molding (ICF-P laminate). For
comparison, a conventional laminate was also fabricated using autoclave (Continuous-A
laminate). Fatigue properties and damage progress in the open-holed and non-holed ICF

CFRP laminates are investigated by experiment. In addition, the effect of fiber cutting

angle on the fatigue behavior of open-holed ICF CFRP laminates is also investigated.

Based on these works, the following conclusions are obtained:

1. The results obtained from the fatigue test and damage progress observation of open-
holed CFRP laminates reveal that the fatigue strength of the ICF-P laminate is higher
than that of the ICF-A laminate. The decrease ratio of fatigue strength at N of 10° is
about 30% of its static strength, which is almost the same in the both ICF laminates.
However, the fatigue strength of the Continuous-A laminate is the highest among the
three laminates with the decrease ratio of fatigue strength at N of 10° is only 5% of its
static strength. Moreover, the damage progress in the ICF-P laminate is the smallest

among the three laminates while the increase rate of the crack density is the greatest
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in the ICF-A laminate with thicker plies.

2. The results obtained from fatigue test and damage progress observation of open ICF
CFRP laminates with different fiber cutting angle indicated that the fatigue behavior
of the ICF laminates was governed by the fiber cutting angle. The highest fatigue
strength was obtained in the ICF-P laminate with the smallest & (22.5°). In contrast,
the ICF laminates with the largest fiber cutting angle (90°) exhibit the greatest
delamination growth around the hole.

3. The results obtained from the fatigue test and damage progress observation of non-
holed CFRP laminates indicated that the fatigue strength of the Continuous-A
laminate is the highest among the three laminates while the fatigue strength of the
ICF-P laminate is higher than that of the ICF-A laminate. However, the decrease ratio
of fatigue strength at N of 10° is about 35% of its static strength, which is almost the
same in the three laminates. In addition, the degree of damage in the ICF-P laminate
is the smallest among the three laminates while the increase rate of the crack density
and edge delamination is the greatest in the ICF-A laminate with thicker plies.

5.2 Future Work
This study investigated the fatigue behavior of ICF CFRP laminates for open holed

and non-holed specimen with different fabrication method and fiber cutting angle,
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however, other important mechanical properties such as compression, bending,
compression fatigue and impact have not been investigated. Further experimental
research and numerical analysis are necessary for the development of practically useful

ICF laminates in future.
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