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Abstract

High-performance continuous Fibred Reinforced Polymer (FRP) composites have high specific
stiffness and strength but lack ductility. This work presents a strategy to promote progressive failure
and ‘pseudo-ductility’ in CFRP laminates by introducing periodic ply weakening (continuous cuts or

perforations normal to the fibre direction) into selected plies.

An analytical model based on Linear Elastic Fracture Mechanics (LEFM) was devised for unidirectional
(UD) laminates. The model considers the evolution of interlaminar stress transfer zones (initiated from
the ply weakenings) in a rigid-perfectly-plastic matrix system. The predicted pseudo-ductile stress-
strain response consists of an initial approximately-linear stage with stiffness close to that of the
continuous composite, an intermediate metal-like plateau stage and a final strain-hardening stage. The
tensile response is tailorable by adjusting the geometry and distribution of the ply weakenings and the

ratio of the continuous and the weakened plies.

The analytical predictions were validated by tensile tests of weakened UD laminates and the results
confirmed that the pseudo-ductility was controlled by delamination or debonding initiated from the ply

cuts or perforations, respectively.

A preliminary study showed that pseudo-ductility can be achieved in multi-directional laminates, by
embedding weakened 0° plies between Quasi-Isotropic (QI) sub-laminates. For the perforation
weakening method, it was found that the fibre orientation in the plies adjacent to the weakened plies

has a significant influence on the pseudo-ductility.
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Chapter 1

Introduction

1.1 Motivation

Continuous carbon fibre reinforced polymer (CFRP) composites have outstanding specific stiffness and
strength, high resistance to fatigue damage and corrosion and are highly tailorable. These materials are

therefore ideal for weight-sensitive structural applications, such as in aerospace and transportation.

However, CFRP composites are usually brittle and behave in a linear-elastic manner until failure, with
little or no warning, as shown in Figure 1.1. Such brittleness results in the use of large safety factors in
engineering design, which significantly reduces the benefit provided by the high specific stiffness and
strength. Moreover, brittle composites often suffer from a ‘size effect’ problem, i.e. the mechanical
properties measured in laboratory-sized coupons overestimate the actual properties of the full-size

engineering structures, for example increasing the structure volume results in reduced strength [1]-[4].

g

Emax

Figure 1.1 Schematic tensile stress-strain curve of conventional CFRP composites

1.2 Pseudo-ductility
This thesis reports an investigation of a strategy to overcome the brittleness of CFRP composites.

In metallic materials, ductility is induced by the relative sliding or dislocation of layers of metallic

atoms. However, it is difficult to recreate this mechanism in carbon fibre composites. Strategies to

achieve ductility in CFRP composites therefore commonly forms on modification to the architecture,

so that damage develops gradually in a distributed fashion throughout the material or exploit a ‘hidden

length’ mechanism [5]-[11]. The resulting ductile-like tensile behaviour is termed as ‘pseudo-ductility’.
28



Figure 1.2 shows two types of pseudo-ductile tensile response, which consist of an initial
approximately-linear stage, an intermediate plateau stage and a final strain-hardening stage [12] [13].
This figure also includes definitions of key parameters that characterize the pseudo-ductility, as shown

below:

e The initial modulus is defined as the chord modulus measured from the strain range of [0.05%,

0.25%] in the initial stage;

e The pseudo-yield stress and strain are defined as the stress and strain at (a) the transition point
to the plateau stage, for a tensile stress-strain response containing a sharp transition to the
intermediate plateau stage (see stress-strain response 1 in Figure 1.2) and (b) the intersection
point of the initial modulus line at a 0.2% offset strain and the tensile stress-strain response, for
the case where there is a much more gradual transition, as shown in the stress-strain response

2 in Figure 1.2;

e Pseudo-ductile strain is defined as the difference between the ultimate failure strain and the
elastic strain at the ultimate failure stress based on the initial modulus, for tensile response

containing a stable intermediate plateau stage [13] [14].

Stress

A — Stress-strain response 1
— Stress-strain response 2 , Pseudo-ductilestrain

7 .
0.2% offsetstrain g 7, &
Pseudo-yield stress |— — = — = — = — — — -«

Pseudo-yield stress J= = = = = = = = =
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Figure 1.2 Schematic pseudo-ductile tensile stress-strain response.

1.3 Aim and approach

The aim of the research described in this thesis was to explore how ply weakening and interface
weakening could be used to achieve pseudo-ductility in CFRP laminates. ‘Ply weakening’ was
introduced by inserting continuous cuts or perforations into selected plies. ‘Interface weakening’ was

implemented by reducing the interlaminar fracture toughness of selected interfaces in the composite
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laminate. The ply and interface weakening approaches were initially investigated for unidirectional (UD)
laminates, using analytical models based on Linear Elastic Fracture Mechanics (LEFM). The ply
weakening patterns which were predicted to promote good pseudo-ductile tensile performance were
then validated through experiments. Ply weakening patterns were also investigated in multi-directional

laminates, that are relevant to practical engineering applications.

Quantitatively, the aim of the project was to achieve pseudo-ductile laminates with:

e a high initial stiffness of at least 80% of the Young’s modulus of the pristine CFRP material,;

e a high pseudo-yield stress of at least 70% of the ultimate failure strength of the pseudo-ductile

laminate.

1.4 Structure of the thesis
The thesis consists of 7 chapters and are structured as below:

Chapter 2: This chapter presents a review of the techniques and methods reported in the published
literature to improve the ductility of CFRP composites, the tensile performance of these composites and

the mechanisms reported for the improved ductility.

Chapter 3: A simplified analytical model is proposed to predict the tensile behaviour of UD laminates,
containing ply weakening with or without interface weakening. The models were then refined by

considering the evolution of stress transfer zone induced by the weakenings.

Chapter 4 & 5: These chapters describe experiments investigating the tensile UD laminates containing
various patterns of ply cuts and perforations, respectively. The experimental performance of each

configuration is compared to the analytical predictions.

Chapter 6: This chapter presents a preliminary investigation of the effectiveness of cuts or perforations

to pseudo-ductility in multi-directional laminates.

Chapter 7: This chapter summarizes the main achievements of this PhD project and recommendations

for the future research.
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Chapter 2

Literature review

2.1 Ductility mechanisms in natural materials

Many natural structures, such as bone, bamboo and nacre are composed of compliant and stiff
components and are light but tough [15]-[20]. These tough natural materials always have much higher
strain-to-failure than the stiff components, resulting from mechanisms of damage diffusion, crack
deflection, pull out of the stiff components and plastic deformation of the compliant component. An
example of the toughening mechanisms in multiple length scales, ranging from nano- to macro-levels,
is shown in Figure 2.1. The strategic organization of the microscopic constituent architectures facilitates

the control of damage modes at the various length scales.
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Figure 2.1 Synergistic toughening mechanisms in multiple length scales of healthy human cortical

bone. Copied from [19].

Recently, these mechanisms have been transferred to fibre reinforced composites by replicating the

architectures of the natural materials [21]-[23]. Composite laminates, mimicking the nacre-inspired
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structure shown in Figure 2.2, were manufactured to generate the platelet pull out, shearing between
interlayered platelets and diffused minor damage mechanisms that can enhance ductility [23]. A
drawback of this configuration is that it is always accompanied with reduced strength, due to the

discontinuities in the stiff components.

Figure 2.2 Damage diffusion, crack deflection and shearing deformation mechanisms in nacre-

inspired structure, under tension. Copied from [24].

2.2 Pseudo-ductility mechanisms in composite materials

2.2.1 Classification of pseudo-ductility mechanisms

As shown in Figure 2.3, the pseudo-ductile configurations reviewed in this chapter are classified in

three categories:

e  Fibre hybridization

e  Fibre rotation and ‘hidden’ length

e Interphase/ interface/components boundary engineering

Each category is further divided based on the geometric characteristics or architecture of constituent

materials.
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Figure 2.3 Classification of pseudo-ductility induction strategies

2.2.2 Fibre hybridization

Fibre hybrid composites are defined as composites with combined two or more types of fibre
reinforcements, in which the synergistic effect enhances specific mechanical properties of the hybrid,
making the hybrid superior to the constituent non-hybrid composites [25]-[29]. Fibre hybrids have been
employed to fulfil various engineering requirements, such as design for lightweight, shape-memory and
toughened structures [30]-[32]. Recently hybridization has been used to promote pseudo-ductility in
fibre reinforced polymer composites. Specifically, this section focuses on pseudo-ductile hybrid
composites that contain carbon fibres. Depending on the geometry of carbon fibres, the reviewed

hybrids are classified as completely continuous carbon fibre hybrids (Section 2.2.2.1), partially
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continuous carbon fibre hybrids (Section 2.2.2.2) and completely discontinuous carbon fibre hybrids

(Section 2.2.2.3).

2.2.2.1 Completely continuous carbon fibre hybrids

Depending on the arrangement of fibres, the continuous fibre hybrids can be classified as interlayer,
inter-yarn (or intraply) and intimately intermingled fibre hybrids, as shown in Figure 2.4. Pseudo-ductile
tensile responses achieved in these three types of continuous fibre hybrids are presented in Sections

2.2.2.1.1,2.2.2.1.2 and 2.2.2.1.3, respectively.

(a) (b) (c)

Figure 2.4 Schematics of (a) interply, (b) inter-yarn or intraply and (c¢) intermingled continuous fibre

hybrids (green and black relate to two types of fibres). Copied from [28].

2.2.2.1.1 Interlayer (prepreg-based) hybrids

The ply level hybridization is implemented by stacking together UD prepregs, composed of continuous
fibres with different strains to failure and a compatible matrix system, for instance, embedding the high
stiffness but low failure strain (LFS) carbon fibre/epoxy prepregs within glass fibre/epoxy prepregs with
low stiffness but high failure strain (HFS), or hybridizing different grades of carbon prepregs, with
different strains-to-failure. Most of the interlayer hybridizing research has examined UD laminates,

some work has been performed on QI or multi-directional laminates.

Analytical and Finite Element (FE) models [33]—[35] revealed four potential failure mechanisms of the
continuous interlayer hybrids can occur and are dominated by the absolute thickness and relative
thickness ratios between the HFS and LFS plies. The four failure mechanisms are demonstrated in a
damage mode map, shown in Figure 2.5, including (1) a sudden brittle fracture developed throughout
the entire laminate thickness, (2) single crack throughout the LFS plies, followed by an abrupt unstable
delamination between the HFS and LFS plies [36]-[38], (3) progressively developed dispersed LFS
fragmentation and (4) ideally, progressively developed dispersed LFS fragmentation with local
delamination. It is also reported that only the failure mechanism (4) can provide a pseudo-ductile tensile

response with a stable intermediate plateau stage (without load drop) and a final strain-hardening stage,
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in the tensile stress-strain response. Trade-offs between the pseudo-ductile strain and pseudo-yield

stress (see Figure 1.2) were observed for variable material combinations and geometric parameters.
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Figure 2.5 Damage mode map for potential failure processes of carbon-glass/epoxy interlayer hybrids

with various absolute and relative thicknesses of the carbon and glass plies. Copied from [33].

The load drops observed in the interlayer hybrids, made of conventional thickness prepregs (see Figure
2.6 (a)), were eliminated once the thin-ply carbon prepregs were used as the LFS plies [39]-[45]. (The
thin-ply carbon fibre prepregs manufactured with the spread-tow technique, have a nominal cured ply
thickness of about 0.03 mm, which is about 4 to 8 times thinner than the conventional prepregs.) In
terms of mechanical performance, low prepreg thickness is associated with low strain energy release
rate, therefore higher stress is required to achieve the critical strain energy release rate for the onset of

delamination and matrix cracking [46][47].

A typical pseudo-ductile response and the damage development process, for an example thin-ply
carbon-glass hybrid, is shown in Figure 2.6. The mechanisms associated with the initial linear-elastic,

intermediate plateau and final stages of the response shown in Figure 2.6 (a), are summarized below:

e During the initial linear-elastic stage, strains in the two types of constituents are identical. The
involvement of the low stiffness HFS constituent results in a significantly reduced overall

stiffness compared to the relatively stiffer LFS constituent.

e The LFS plies gradually fragment at dispersed locations once reaching the failure strain of the
LFS material. The fragmentation is accompanied with matrix cracking or minor localized
delamination, as shown in Figure 2.6 (b). Further loading results in the gradual pull-out of the
LFS fragments from the HFS plies. This progressive damage development process promotes
the pseudo-yielding and the following plateau (highlighted red line) stages in the stress-strain

curve.
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e The HFS plies must be sufficiently strong to tolerate the load transferred from the fragmented
LFS plies. After the fragmentation saturation, the load is mainly carried by the HFS plies, until
ultimate fractures at the strain-to-failure of the HFS plies. This process is displayed as the final

strain-hardening stage.
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Figure 2.6 (a) Schematic tensile responses of a conventional hybrid composite (black line, showing an
unstable load drop) and a pseudo-ductile thin-ply carbon-glass hybrid (red dash line) accompanied

with (b) progressive fragmentation and localized delamination. Copied from [48].

Both UD glass-carbon [36][33][48] and carbon-carbon [49] hybrids have demonstrated pseudo-ductility
and progressive failure processes. The average pseudo-ductile strains for these two hybrids are 1.23%

and 0.96%, respectively, as shown in Figure 2.7.
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Figure 2.7 Pseudo-ductile tensile stress-strain responses of UD (a) S glass-TR30 carbon and (b)
T1000 carbon (intermediate modulus) - XN80 carbon (ultra-high modulus) continuous interlayer

hybrids. Adapted from [48] [49].
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Hybridization was also examined as a means of introducing pseudo-ductility to QI and multi-directional
laminates, which possess a wider engineering application scope. One way to achieve this was to utilize
the original UD pseudo-ductile hybrid laminates as the sub-laminates and placing them in the n/4
orientation intervals to construct the final QI laminate. The failure mechanisms observed in a UD
pseudo-ductile carbon/carbon (with different grades of carbon plies and distinct strain-to-failure) hybrid
laminate were successfully transferred to a QI hybrid prototype. Undesirable premature free-edge
delamination at the inter-sublaminate interfaces occurred at the early phase of the plateau stage in the
tensile response, as shown in Figure 2.8 [50]. The inter-sublaminate delamination can trigger ultimate
fracture under bending or fatigue loading conditions, thereby the authors defined this inter-sublaminate

delamination strain as the failure strain.
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Figure 2.8 Tensile response of QI hybrid with the layup of [45h/90h/-45h/0h]s (h represents a
carbon/carbon hybrid sub-laminate with the layup of [T1000,/XN-80/T1000,]). Adapted from [50].

The free-edge delamination issue was prohibited using strategically designed layups for the pseudo-
ductile continuous QI and multi-directional carbon/carbon (with distinct failure strains) [50] and
carbon/glass [51]-[55] hybrids. Two grades of unstable delamination, namely the ‘mode II intra-sub-
laminate delamination’ and ‘mixed-mode inter-sub-laminate delamination (mainly at the free edges)’

should be prevented. To fulfil these requirements, the hybrid layup was designed with:

e Gradual LFS material fragmentation within the sub-laminate to avoid unstable intra-sub-

laminate delamination;
e Low sub-laminate thickness to avoid free edge delamination.

Further study was performed to investigate the effects of ply orientation and constituent material

distribution in the layup on the pseudo-ductility. Two layups, characterized as ‘orientation blocked
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while material dispersed’ and ‘orientation dispersed while material blocked’ (shortened as ‘orientation

blocked’ and ‘orientation dispersed’ in the following content), were proposed and compared [54]. The

ply orientation and material distribution in the QI hybrids, with the sublaminates placed at n/4 angle

interval, are schematically shown in Figure 2.9 (a) and (b), respectively.

456ass

45carbon

456/ass

906ass

90carbon

Interface with

906ass

the highest Gyt

-456]ass

-45carbon

-456lass

OGlass

Ocarbon

Oslass

45

-45y

Symmetry?line

456lass

906lass

-45Glass

Oglass

45carbon

Interface with

90carbon

the highest Gyot

-45carbon

Ocarbon

456lass

90Glass

-45Glass

OGlass

I
|
}
o
-
I

Q Glass

Symmetry line

:l High strain material e.g.

Glass/epoxy layer

|:| Low strain material e.g.

Carbon/epoxy layer

(b)

45GIass

45carbon

45y

45aiass

90Glass

90carbon

904

90alass

‘45Glass

-45carbon

-45y

-45Gass

Oclass

Ocarbon

O

Oclass

Sym-rﬁétry line

45Giass

Block thickness

906Iass

}with similar

-45Glass

orientation

OGlass

45carbon

~

90carbon

~45¢arbon

s mCarbon

QOcarbon

VAN

45glass

90Glass

~ mGlass

-456ass

OGlass

[ +
[0 50

Sy-n;n?etry line

P
=k

Figure 2.9 Schematics of the distribution of ply orientation and material in the (a) ‘orientation

blocked’ and (b) ‘orientation dispersed’ carbon/glass interlayer hybrid QI laminates. Adapated from

[54].

The FE modelling results illustrate that the ‘orientation dispersed’ QI hybrid layup has significantly

lower interlaminar normal and shear stresses in the vicinity of free edges, making the laminate less

likely to delaminate at free edges [54] [55], as shown in Figure 2.10. Note that due to the singularity of

interlaminar stresses at the free edge (y=0) (see Figure 2.10), the integrals of the interlaminar stresses
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in a variable characteristic length of by at the interface most prone to free edge delamination were

compared.
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Figure 2.10 The integration of interlaminar stresses, Int (o,,) (i.e. foy 0xz(y,0)dy ), Int () (i.e.

f: 0y,(y,0)dy ) and Int (0,,) (i.e. foy 0,4, (y,0)dy ), along the transverse direction from the free edge

to the mid-line of the laminate (i.e. by), at the critical interface in the ‘orientation dispersed’ and

‘orientation blocked’ layups. Copied from [55].

Pseudo-ductile tensile responses were successfully achieved in the QI hybrids with the ‘orientation
dispersed’ layups, containing carbon/glass hybrid sub-laminates placed at both m/3 and m/4 ply
orientation intervals (see Figure 2.11) [52] [54]. In both pseudo-ductile cases (see Figure 2.11), the
progressive fragmentation and localized minor delamination, that mainly occurred in the LFS plies o
the loading directional sub-laminates, promoted the pseudo-yielding and plateau in the tensile response.
The less stiff HFS components provided the residual load-bearing capacity after the failure of the LFS
plies, promoting the final strain-hardening tensile response. In addition, an analytical damage mode

map for QI hybrids, like that for UD hybrids, was also proposed in [52].
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Figure 2.11 Tensile response of pseudo-ductile QI hybrids with the‘orientation dispersed’ layups of
(a) a m/4 sub-laminate angle interval, [45°/90°y/-45°,/0%]s (the subscript ‘h’ refers to a hybrid sub-
laminate with one LFS carbon layer, embeded in two HFS carbon layers), and (b) a 7/3 sub-laminate
angle interval, [60°G/-60°G/0°G/0°C/60°C/-60°C]s (G for S-glass, C for thin-ply carbon). Copied
from [50] [54].

2.2.2.1.2 Inter-yarn or intralayer woven hybrids

The hybridization strategy was also implemented in an intralayer or inter-yarn hybrid composite. An
example architecture of the preform used a hybrid non-crimp 3D woven composite is shown in Figure
2.12 (a) [56], where each colour relates to a specific type of material. The preforms were fabricated by
stacking 2.5 consecutive warp and weft layers of carbon fibre yarns with 4.5 consecutive warp and weft
layers of S2-glass yarns, and Dyneema z-yarn binder, as shown in Figure 2.12 (a). The distribution of
carbon and glass is asymmetric in this layup, as shown in Figure 2.12 (b). The heterogeneity of the
composites enables distinct stress-states along different loading directions. Progressive failure process
with more ductile tensile response (see Figure 2.13 (b)) was observed in the in-plane tensile test,
performed in the direction containing higher volume fraction of S2-glass fibres, along which the
Dyneema z-yarn binders were oriented (see Figure 2.13 (a)). The X-ray CT tomograms of specimens
loaded to different load levels revealed that matrix cracking and minor delamination resulted in the
small stiffness reduction prior to the load drop, shown in Figure 2.13 (b). The gradually developed
carbon and glass tow cracking, delamination around the fibre tows and extensive delamination of
Dyneema z-yarns from the carbon and glass fibre tows, promoted the load drops in the tensile response.
The Z-yarn Dyneema can arrest the delamination between carbon or glass fibres and matrix. The tensile
strength is determined by the volume fractions of each type of yarns, while the strain-to-failure is

dominated by the S2-glass yarns in this loading direction.
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Figure 2.12 (a) An example of non-crimp 3D orthogonal fibre architecture and (b) the side views of
the hybrid carbon/S2 glass/Dyneema (z-yarn) preform. Adapted from [56].
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Figure 2.13 (a) Schematic warp direction relative to the z-yarn Dyneema binders and (b) tensile

stress-strain response in the warp direction of the hybrid 3D woven composite. Adapted from [56].

2.2.2.1.3 Commingled continuous fibre hybrids

Scaling down to the fibre filament level, commingling of different types of fibre filaments was
implemented using an air-flow-assisted spreading and commingling technique. The method allows the
filaments to be inserted into another type of fairly spaced filaments (see Figure 2.14 (a)) [57]. Figure
2.14 (b) shows the tensile stress-strain behaviour of the epoxy matrix composite containing intermingled
carbon and glass fibres. The overall fibre volume fraction is around 30% to 40% and the carbon to glass
fibre volume ratio is 1.55:1. The strain-to-failure of the intimately commingled glass/carbon fibre epoxy
composites is on average 14 percent higher than that of the LFS carbon fibres, without significantly
compromised stiffness and strength. The first load drop is due to the carbon fibre breakage in the
intermingled carbon-glass fibre/epoxy hybrids, and the strain is higher than the failure strain of non-

hybrid control carbon fibre/epoxy baseline. This is due to the ‘hybrid effect’.
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Figure 2.14 (a) Cross-sectional micrograph of a cured intermingled glass-carbon fibre tows reinforced
epoxy lamina and (b)Tensile stress-strain curves of UD non-hybrid carbon fibre/epoxy, non-hybrid

glass fibre/epoxy and intermingled carbon-glass fibre/epoxy specimens. Adapted from [57].

In hybrid composites, it is always observed that the strain at the onset of the LFS fibres failure is higher
than the strain-to-failure of the non-hybrid composite made by the LFS fibres only [14], [43], [44],
[58]-[63]. This phenomenon was named as ‘hybrid effect’. Recent research suggested that the enhanced
failure strain of the LFS fibes in the hybrids, is predominately because of the stress concentration in the
vicinity of the incipient failed LFS fibres is effectively redistributed to the adjacent fibres or (further
scaling up) to the adjacent plies. The diffused stress concentration can delay the formation of critical
sized cluster of failed LFS fibres, i.e. ultimate fracture. It was widely accepted that relatively low LFS
to HFS volume ratio or finely dispersed LFS fibres among the HFS fibres, tends to enhance the failure
strain of the LFS material in the hybrids [61]-[67].

2.2.2.2 Partially discontinuous carbon fibre hybrids

2.2.2.2.1 Interlayer hybrids made of fibre mats or UD prepregs

One issue with the UD completely continuous interlayer hybrids, presented in Section 2.2.2.1.1, is the
restriction in the relative and absolute thicknesses of the HFS and LFS plies. In the completely
continuous architectures, ‘yielding’ is promoted by the LFS component fragmentation. The ‘thickness
limitation” was resolved whilst retaining the pseudo-ductile characteristics, once the continuous LFS
material is completely or partially replaced with short fibres. Properly designed discontinuous
component profiles can also mitigate or eliminate the unstable load-drops induced by the sudden release

of strain energy at the onset of LFS material fragmentation, albeit the discontinuity induces slight
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reduction in the initial stiffness. In addition, this partial discontinuity architecture indicates the potential

to achieve pseudo-ductility in a single composite material system, without hybridization.

In the partially discontinuous composites, the previous ‘fibre-property-determined’ damage modes are
transferred to be dominated by matrix properties. ‘Yielding’ is determined by the interlaminar matrix
shearing deformation and the evolution of the plastic zone initiated from the discontinuities during the
loading process, for given fibre-matrix interphase properties [64]. These characteristics have been
demonstrated in different material combinations. Gradual and dispersed fibre fragmentation,
delamination and fibre pull out are the typical damage modes in the pseudo-ductile partially
discontinuous laminates. The geometry, such as length and aspect ratio, of the discontinuous
constituents plays a significant role in the tensile failure mechanisms and consequently the tensile

behaviour.

Progressive failure process was also observed in the interlayer hybrids made of carbon fibre mats or
UD carbon fibres reinforced polypropylene (CFRPP) with self-reinforced polypropylene (SRPP) made
of woven polypropylene (PP) fibre tows (see Figure 2.15) [65]-[67]. The four typical damage
development processes after the initial carbon fracture, resemble those for the UD carbon-glass hybrids
(see Figure 2.5), were also identified in the CFRPP- SRPP hybrids. The failure process is determined
by the arrangement of hybridized materials (for example, UD or randomly distributed fibre mat),
relative volume fraction and the relative layer thickness of the CFRPP and SRPP [68]. An example of
progressive damage process with multiple load-drops in the stress-strain curve, caused by multiple
dispersed fragmentation and unstable delamination, is shown in Figure 2.16. These intermediate load

drops arose from the unstable delamination, are appeared at the instant of fragmentation.

PP films
Carbon mat W Carbon mats interleaved

j with PP films

Twill PP tape fabric

10 mm

Figure 2.15 Schematic layup of the interlayer carbon fibre mat and woven polypropylene fibre
reinforced polypropylene hybrid laminate. Copied from [69].
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Figure 2.16 Tensile stress-strain curve of a pseudo-ductile CFRPP and SRPP woven hybrid with

successive dispersed delamination with increasing load. Adapted from [68].

Introducing discontinuities into selected continuous UD prepregs is the most direct way to fabricate
partially discontinuous laminates. Pseudo-ductility was achieved in prepreg-based glass/carbon
interlayer hybrids containing periodic continuous cuts in the middle LFS carbon plies, as shown in
Figure 2.17 (a) [70]. Yielding in the tensile response occurs once delamination is initiated from the cuts,
as shown in Figure 2.17 (b). Delamination occurs when the strain energy release rate reaches the mode
II fracture toughness under increasing tensile load. The progressive delamination propagation along the
interface between the continuous and discontinuous plies generates a plateau stage in the tensile

response.
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Figure 2.17 (a) Schematic edge view of a continuous glass fibre-discontinuous carbon fibre hybrid
laminate with the top view of a periodically cut carbon ply with cuts spans across the specimen width,
(b) tailorable pseudo-ductile tensile response of S-glass/TR30 carbon epoxy hybrids containing 25

mm carbon platelets and the images of a specimen at increased stress levels. Adapted from [70].

Pseudo-ductile response with a yielding behaviour followed by a long plastic stage was later achieved
by replacing the across-width continuous cuts with periodic discontinuous perforations [71] [72]. This

44



approach provides higher volume fractions of load-bearing continuous fibres in the laminate and
therefore a higher initial stiffness, compared with that of the counterparts containing continuous cuts.
Damage modes of dispersed fragmentation of unperforated fibre bundles, progressive debonding and
pull out of the perforated fibre bundles in the LFS plies, were depicted in laminates with different
perforation profiles and fractions of perforated fibres. For instance, periodic perforations were
introduced in UD carbon fibre reinforced polypropylene (CFRPP) prepregs, sandwiched between
woven self-reinforced polypropylene (SRPP) plies (see Figure 2.18 (a)). Properly designed perforation
geometries promote progressively developed sub-critical damages, such as fibre breakage or
delamination at dispersed locations, which prevent the release of excessive strain energy at the onset of
these damages. Such perforation geometries can produce a more stable and gradual failure process, as

shown in Figure 2.18 (b), and effectively mitigate or even eliminate the potential load-drops.
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Figure 2.18 (a) Schematics of periodically perforated CFRPP plies, sandwiched in continuous woven
SRPP plies and (b) the tensile responses of such hybrid laminates containing variable perforation
patterns in the CFRPP plies (the legends F, C and S represent cut fraction, step length and cut length,

respectively). Copied from [71].
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2.2.2.2.2 Interlayer hybrids with commingled discontinuous short fibres

The ‘partially discontinuous pseudo-ductile interlayer hybrids’ can also be manufactured by replacing
the cut or perforated prepreg-based plies with pre-impregnated randomly oriented or aligned short-fibre-
based plies. In these short fibre-based interlayer hybrids, the properties of the interfaces between
adjacent continuous and discontinuous plies can be regarded as higher scaled properties, the fibre-
matrix interphase properties, such as the interfacial shear strength (IFSS) and fracture toughness of the
fibres/matrix interphase can be regarded as lower scaled properties (in nanometres). The properties in
both scales determine the eventual damage development process. Unlike the ply fragmentation,
delamination and fibre bundle pull out that were observed in the prepreg-based interlayer hybrids (see
section 2.2.2.1), damages in these short fibre hybrids are scaled down to the fragmentation of short
fibres (normally designed longer than the critical length), short fibre debonding and pull-out of short
fibres from the matrix. The interaction and synergistic effects among these multi-scaled geometric and

mechanical properties play a significant role in the overall hybrid tensile response.

For instance, pseudo-ductility with a strain-hardening stage was demonstrated in the partially
discontinuous CFRPP/woven SRPP hybrid laminates, which has not been achieved in the previously
reviewed CFRPP/SRPP material systems (presented in 2.2.2.2.1). The superior performance was
obtained by replacing the prepreg-based perforated UD CFRPP plies (see Figure 2.18) with pre-
impregnated randomly-oriented short-carbon-fibres mats [73]. The authors found that the highly
dispersed CFRPP and SRPP layup (see Figure 2.19 (a)) and a relatively low volume fraction of carbon
fibres (see Figure 2.19 (b) and (c)) in the hybrids, tend to promote a more stable and progressive tensile
failure process. This material arrangement provides improved redistribution of stress concentration
induced by the initial matrix cracks, fibre-matrix debonding and carbon ply fragmentation. In addition,
the weaker carbon fibre/matrix interphase, provided by using the polypropylene (PP) matrix, triggers
earlier onset of fibre-matrix shear failure and the following pull-out, which can effectively suppress the
load drops, that appeared in the counterpart cases associated with stronger and tougher interphase,

produced by using the maleic-anhydride modified polypropylene (MAPP) matrix, see Figure 2.19 (c).
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Figure 2.19 Tensile stress-strain curves of random-oriented short carbon fibre mats reinforced
PP/woven SRPP interlayer hybrids with various (a) layups and (b) (¢) volume fractions of CFRPP and
matrix systems. (PP and MAPP refer to polypropylene and maleic-anhydride modified polypropylene

matrix, respectively.) Adapted from [73].

The discontinuous plies can also be presented in other formats, such as pre-impregnated highly aligned
single type or hybrid short fibres. The recently developed HiPerDiF method, as shown in Figure 2.20,
was invented to fabricate prepregs with high volume of highly aligned short fibres of different length
scales [74]-[77], materials [78], and even reclaimed fibres used to generate green composites
[77][79]]80]. A further modified assembly line (see Figure 2.21) can also maximize the intermingling,
control the distribution of different bundles and bundle sizes [81]. This technique was used to

manufacture intraply hybrids.
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Figure 2.20 Schematic of HiPerDiF (a) lab-scale alignment and pre-impregnating rig and (b) method
to manufacture highly aligned (a) single type and (a) intermingled short fibre hybrids. Copied from
[78] [81].
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Figure 2.21 Schematics of (a) modified HiPerDiF method to manufacture controlled volume of
different types of short fibres and (b) an instance of short carbon and glass bundles, in distinct regions

of intralayer hybrids. Copied from [81].

Pseudo-ductile hybrids can also be manufactured by sandwiching highly aligned short fibre prepregs,
fabricated using the HiPerDiF method, between prepregs reinforced by HFS continuous fibres.
Transparent continuous S- or E-glass prepregs were used as the HFS material to provide the residual
load-bearing ability and assist the direct visual detection of ‘stress whitening’ caused by fragmentation

and delamination of the internal plies.

Damage mode maps [77][80][82] indicate that fibre length [77], relative fibre volume fraction and
constituent fibre selection [78][76], as well as the associated fibre-matrix interphase properties of the
hybrids, can trigger different damage mechanisms and combinations of damage mechanisms. Just as
for the continuous hybrids discussed in Section 2.2.2.1, absolute thickness and thickness-ratio of the
continuous and discontinuous plies must also be considered in the design process to avoid catastrophic

failure [77].

The damages commonly seen in short-fibre composites are fibre-matrix debonding (mainly in
composites with relatively short discontinuous fibres) and fibre fragmentation (mainly in composites
with longer discontinuous fibres). These damages are mainly influenced by the fibre strength and the
overlap length between adjacent fibres, respectively [83][84]. Most pseudo-ductile interlayer hybrids
using highly aligned discontinuous fibres were designed with relatively long fibres to promote

progressive fibre fragmentation.

The damages observed in these continuous and short fibre reinforced interlayer hybrids include
progressively developed dispersed fibre fragmentation across specimen width, fibre pull-out and

fragmentation-induced delamination between the continuous and short-fibre plies, as shown in Figure
48



2.22. These damages were observed in the plateau and final strain-hardening stages in the tensile

reésponsecs.

Figure 2.22 Typical damage modes in pseudo-ductile interlayer hybrids made of continuous S-glass
prepregs with HiPerDiF technique manufactured highly aligned short fibre reinforced prepregs
containing (a) intermingled high modulus /high strength short carbon fibres, (b) reclaimed and (c)
virgin carbon fibres. Copied from [78], [82] and [80], respectively.

Interestingly, in hierarchical hybrid composites consisting both intralayer and interlayer hybridization
(see Figure 2.23(a)), the synergistic effects of the intralayer and the interlayer hybridization can be used
to optimize the progressive damage development (see Figure 2.23 (b)). On the aspect of intralayer
hybridization, the lengths (related to either fibre-matrix debonding or fibre fragmentation of individual
fibres), relative failure strains, relative volume fractions of different types of short fibres (associated
with the cluster sizes of fragmented fibre bundles and the stress transition between adjacent short fibres)
determine the damage development within the discontinuous short-fibre prepregs [83][84]. Scaling-up,
the relative mechanical and geometric properties of the continuous and the discontinuous plies control
the resulting damage development. As an example, initially damage appears as dispersed fragmentation
of the LFS short fibres, the fragmentation gradually expands and leads to the fragmentation of the
intermediate failure strain (IFS) short fibres and finally the dispersed fragmentation of the overall
intermingled layer. This process refers to the stages from P2 to P5 in Figure 2.23 (b) and the tensile
response prior to point P5 in Figure 2.23 (c). The fragmentation saturates before reaching the mode II
fracture toughness, i.e. the onset of dispersed macro-scale delamination between the high failure strain
(HFS) continuous plies and the discontinuous plies. This delamination process relates to the stage from
PS5 to P6 in Figure 2.23 (b) and (c)). The HFS plies sustains the following loading process. The laminate

fractures at the strain close to the strain-to-failure of the HFS plies.
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Figure 2.23 (a) Schematic of the interlayer hybrid laminates containing intermingled aligned short
fibres in the middle discontinuous plies, (b) typical failure mechanisms of hierarchical hybrid pseudo-
ductile laminates and (¢) pseudo-ductile tensile stress-strain curve of hierarchical interlayer hybrids
with highly aligned high modulus carbon (HMC) and high strength carbon (HSC) short fibre prepregs

sandwiched in continuous S-glass prepregs. Adapted from [78].

2.2.2.3 Completely discontinuous carbon fibre hybrids

Pseudo-ductility can also be achieved in completely discontinuous fibre hybrids (containing no
continuous fibres). Section 2.2.2.3.1 presents the pseudo-ductility in hybrids made of highly-aligned
intermingled short fibres. The performance of laminates made of staggered discontinuous carbon

prepregs is also shown in Section 2.2.2.3.2, for comparison.

2.2.2.3.1 Highly-aligned short fibre hybrids

Figure 2.24 (a) demonstrates how the initial stiffness and pseudo-yield stress of highly-aligned
intermingled carbon and glass short fibre hybrids (see Figure 2.24 (b)), manufactured by the HiPerDiF
technique, increase with the carbon fibre volume fraction of up to 50% [76][85]. 3 mm discontinuous
fibres that are much longer than the short fibres used in conventional short fibre composites (of about
0.5 mm), were employed to promote progressive fibre fragmentation. The progressive and dispersed
LFS carbon fibre fragmentation induces a pseudo-yield and the following plateau in the tensile response.
The fragmentation saturates at the end of the plateau. The residual surviving short fibres (predominately

the HFS glass fibres) contribute to the final strain-hardening response. In the case with 50% of carbon
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fibres, no yielding or strain-hardening is shown, at the breakage of critical sized carbon fibre bundles,

where the HFS glass fibres can not tolerate the extra stress redistributed from the fragmented carbon.
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Figure 2.24 (a) Tensile response of HiPerDiF method manufactured intermingled carbon and glass
short fibre hybrids containing 0.1 to 0.5 volume fractions of carbon fibre and (b) the corresponding

cross-sectional micrographs of the hybrids shown in (a). Copied from [76].

The HiPerDiF technique permits different types of fibre bundles with specific sizes to be accurately
placed in an intralayer hybrid, as schematically shown in Figure 2.25 (a) [86]. Yielding, with or without
a rising plateau and strain-hardening, were achieved both analytically and experimentally in all
carbon/E-glass short fibre intralayer hybrids displayed in Figure 2.25 (a) [81] [86]. The pseudo-ductile
stress-strain responses of these hybrids are shown in Figure 2.25 (b). Previous pseudo-ductile cases
have presented the impact of stress redistribution capacity of the less stiff HFS short fibres after the
appearance of initial clusters of broken stiffer LFS fibres on the tensile performance [61]. The tensile
response shown in Figure 2.25 (b) indicates the ‘effectiveness of stress redistribution in laminates with
properly arranged clusters of constituent fibres’ is also applicable in this case. The authors concluded
that the higher degree of isolation between adjacent LFS carbon fibres and the surrounding HFS glass

fibres, the higher the potential for higher pseudo-yield stress, ultimate failure strain and stress (see
Figure 2.25 (b)).
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Figure 2.25 (a) Cross-sections of intralayer hybrids with strategically arranged high modulus LFS
carbon (shown in light grey) and HFS E-glass (shown in dark grey) fibre bundles at different locations
with 33% volume fraction of carbon and (b) experimental stress-strain curves of different commingled

carbon (shown in grey) and glass (shown in green) fibre arrangement. Copied from [81] and [86].

2.2.2.3.2 ‘Brick-and-mortar’ discontinuous (prepreg-based) laminates

The ‘brick-and-mortar’ architecture that enables large quantity of plastic deformation of the compliant
‘mortar’ among staggered stiff ‘bricks’ has been widely studied and replicated in different materials,

for example composites [18][87]. Significant non-linearity was observed in tensile tests (see Figure
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2.26 (a)). This is attributed to the progressive matrix shearing between adjacent long platelets and the
pull out of delaminated platelets in between the ply discontinuities (see Figure 2.26 (b). In this larger
scaled completely discontinuous configuration, the matrix decohesion occurs at a strain lower than the
strain-to-failure of the platelets, so fibre fragmentation does not happen. Thereby the ultimate failure is
‘matrix-dominated’. Geometric parameters, such as the aspect ratio, the overlap length of stiff ‘bricks’
[88] and the matrix constitutive law, which can be rigid perfectly-plastic, perfectly-plastic, strain-
hardening, softening, etc, were confirmed to play key roles in determining the shear/plastic deformation

under tension [89].
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Figure 2.26 (a) Tensile stress-strain curves and (b) the edge views of the ‘brick-and-mortar’

specimens before and after tests. Copied from [89].

An hierarchical ‘brick-and-mortar’ architecture was also studied in laser perforated thin-ply (~30um
thick) carbon/epoxy laminates [87]. Laser milled, staggered perforations were carefully laid out in the
through-thickness direction of small coupons, as shown in Figure 2.27 (a). The experimental non-linear
tensile responses shown in Figure 2.27 (b), indicate trade-offs between the tensile strength and failure
strain. The SEM edge views shown in Figure 2.27 (b) indicate that cracks can migrate perfectly along
the hierarchical through-thickness discontinuous profiles for properly spaced perforations. Crack
deflection, fibre/matrix debonding and platelets pull-out were identified at a higher geometric hierarchy
level. The strain-to-failure is determined by the overall longitudinal pull-out length along the
hierarchical fractals, the strength is closely related to the hierarchy levels. The results also demonstrate
the importance of improving the plastic deformation from the synergistic effect of the damage

mechanisms in meso (i.e. multiple length) scales.
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Figure 2.27 (a) Schematics of the ‘brick-and-mortar’ laminates containing two hierarchy levels (level-
0 and level-1) of cuts and the (b) tensile responses for various geometric parameters (i.e. ‘b’) defined

by the ‘level-1 cuts’ and SEM edge view images of fractured specimens. Copied from [87].
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These ‘brick-and-mortar’ configurations suggest that the plasticity following an initial almost-linear
stage in the tensile response can be improved by enhancing the matrix shear deformation and
fibre/platelet pull-out effects, i.e. to increase the energy dissipation, in these discontinuous architectures.
The limitations for these completely discontinuous architectures are the significantly compromised
strength (due to the discontinuity) and relatively low strain-to-failure (due to damage localization and
lack of strain-hardening) compared to the continuous counterparts. Recent research indicated the
potential to improve the strain of these ‘brick-and-mortar’ architectures, with well-retained high initial
stiffness and tensile strength, by partially increasing the interlaminar fracture toughness. The technique

used is the ‘interleaving technique’, as shown in Section 2.2.4.2.

2.2.3 Fibre reorientation/hidden length mechanisms

Most of the previously reviewed pseudo-ductile hybrids presented in Section 2.2.2.1 were achieved by
promoting progressively developed non-critical sized damages at dispersed locations. In most cases, the
overall tensile failure strain was confined by that of the HFS constituents. However, a preferable
pseudo-ductile composite should possess the enhancement of the ultimate failure strain, which can be
achieved by strategically introducing ‘hidden length’, as an example. Several approaches exploiting the

‘fibre waviness’ or ‘rotation of off-axis fibres’ have been proposed to accomplish this goal [90].

Introducing waviness to continuous fibres before consolidation is an effective way to enhance ultimate
failure strain. The matrix plasticity permits gradual re-orientation or straightening of the wavy fibres
towards the loading direction and exposes the length hidden in the wavy profiles. The geometric
characteristics and materials must be designed properly so that the structure can deform gradually and
be tolerant to the onset of initial damages, prior to the onset of fibre reorientation. The following content
presents the ‘fibre waviness’ approach implemented in fibre filaments (Section 2.2.3.1), in 3D
microbraid yarns (Section 2.2.3.2) and in an out-of-plane wavy sandwich structure (Section 2.2.3.4).
The in-plane fibre reorientation was investigated in angle-ply laminates and is presented in Section

2.2.3.3.

2.2.3.1 Gas-texture and annealing methods introduced fibre waviness

PA-12 matrix composites with large variation in carbon fibre waviness have been fabricated using gas
texturing and non-constrained annealing techniques [5]. Results show the non-constrained annealing

method can improve the failure strain by 34%, as shown in Figure 2.28.
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Figure 2.28 Statistical distribution of fibres with different misalignment angles (on the left) and the
corresponding tensile stress-strain curves (on the right) of the (a) control (i.e. as received), (b) gas-

textured and (c) non-constrained annealed carbon fibre/PA-12 tapes. Copied from [5].

The fibre damages that occurred during the ‘gas-texture’ method (see Figure 2.28 (b)) results in the
premature failure and lower failure strain compared to that of the baseline materials, shown in Figure
2.28 (a). The ‘non-constrained annealing’ technique was able to introduce variable fibre waviness. The
variation in the extent of fibre waviness means the fibres with least waviness break before those with
higher waviness and so promote a gradual failure process. The wavy fibres gradually rotate to the
loading direction during the loading process. The extra elongation hidden in these rotating fibres

contributes to the improvement of ultimate failure strain.

2.2.3.2 Composites made of braided fibre bundles

Fibre waviness was also introduced using the microbraiding method. Cross-ply laminates made of
microbraid Dyneema or Kevlar fibres (see Figure 2.29 (a)) in a thermoplastic matrix were tested under
tension [91]. Both types of composites failed in a stepwise manner frequently with a significant load
drop before the ultimate failure (see Figure 2.29 (b)). The load drops are initially induced by the outer
layer fibre breakage and abrupt unstable interlayer delamination in the neighbourhood of the fibre break,
at stresses close to the ultimate fracture. Higher braiding angles tend to provide lower initial stiffness,

higher failure strain and more severe delamination. An obvious trade-off between initial stiffness and
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strength is shown in Figure 2.29 (b). For higher braiding angles, the more dispersed premature outer
layer fibre breakage results in less severe stress concentration in the remaining fibres. As a consequence,
the failure process is more progressive with higher failure strain than the tensile strain of the baselines

containing non-braided constituent.
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Figure 2.29 (a) SEM images of dry microbraids made of Dyneema (left) and Kevlar (right) fibres with
approximate 15° braiding angles and (b) tensile responses of cross-ply [0°/90°]; laminates with
Dyneema briaided in a regular brading architecture (UD, A, B and C in the legends represent braiding
bias angles,where UD refers to 0° and UD<A<B<C in terms of magnitude). Copied from [91].

Another special laminate architecture was constructed by stacking layers of 2 X 2 biaxial braided yarns
reinforced prepregs (see Figure 2.30 (a)) [92][93]. The non-linearity (see Figure 2.30 (b))) observed in
the tensile response of tensile tests on the longitudinal loading direction (labelled in Figure 2.30 (a)),

was induced by the tow undulation and matrix plasticity.
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Figure 2.30 (a) 2D schematic of 2x2 [+0] biaxial braided yarns and (b) comparison of FE modelled
tensile performance of 2x2 [+£0] braids with different braiding angles and the equivalent angle-ply

laminates manufactured with carbon fibre/EPON 9504 resin prepregs. Copied from [65] [93].

Pseudo-ductile tensile response consisting an intermediate unstable plateau and a strain-hardening
stages was achieved in a 4-ply interlayer laminate, made of non-hybrid triaxial-braided yarns/epoxy
prepregs, as shown in Figure 2.31 (a) [94] [95]. The layup of the triaxial braids in a layer is represented
as [0°/£0], with 0° parallel to the x direction, as shown in Figure 2.31 (b) to (d), where the red and blue
yarns are in the x and 1F directions, respectively. The variation in different directional tensile response
is driven by different damage mechanisms. Non-linearity without plateau or strain-hardening was
observed in the x and y loading directions. The tensile responses of laminates with triaxial braiding

angles of [0°/430°], [0°/+45"] and [0°/+60°], loaded in the 1F direction, are shown in Figure 2.32.

(a) (b) (©) (d

Figure 2.31 (a) 3D schematic of laminate made of triaxial-braided yarns (shown in red, blue and
green) and the top views of the (b) [0°/+30°], (c) [0°/£45°] and (d) [0°/+60°] angle arrangements.
Copied from [95] [94].
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Figure 2.32 1F directional tensile response of straight-sided specimens made of [0°/+30°], [0°/£45°]

and [0°/460°] triaxially braided yarns reinforced prepregs and DIC strain maps at selected points.

Copied from [94].

Mechanisms driving pseudo-ductility in the ‘1F’ loading direction are summarized below:

Initial almost-linear-elastic stage: the straightening of highly undulated loading directional (1F)
braided yarns induces out-of-plane stress to the adjacent off-axis yarns, while the overlaying
yarns is tolerant to the through-thickness stress and the intersecting yarn textile architecture
arrests the extensive through-thickness matrix cracks (mostly at resin pockets). A lower off-

axis yarn angle gives higher initial stiffness.

Load-drops appeared after the onset of non-linearity: Once the adjacent overlying yarns are not
strong enough to support the out-of-plane stress (i.e. matrix cracking saturation), sudden
delamination in the adjacent interface along a subsurface x directional yarn appears and extends
across specimen width. The lack of support from the adjacent yarns results in progressive off-
axis yarn pull-out and matrix cracking in adjacent yarns, and eventually multiple load drops.
The progressive crack deflection granted by this braiding architecture, makes the interlayer

braided laminates more energy-absorbing.

Strain-hardening stage: The gradual rotation of the residual off-axis yarns toward the loading
direction, as well as the residual straightened 1F directional continuous fibres provide the

residual load-bearing ability, i.e. the strain-hardening behaviour in the tensile response.
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Delamination developed throughout the loading direction at the failure point. Ultimate failure
occurs when the tensile strain is close to the strain-to-failure of the yarns in the loading (i.e. 1F)

direction.

2.2.3.3 Angle-ply laminates

Considerable non-linearity before failure (see Figure 2.33 (a)) was observed in the studies of [+6°n]s
laminates [7], [8]. The reorientation of the angled plies (with carefully selected angles) towards the 0°
loading direction, permitted by matrix plasticity, promotes necking in the specimens and non-linearity
in the tensile stress-strain response. The constituent thin-ply carbon material effectively delayed the
advent of premature damages, such as matrix cracking and delamination, before the ultimate failure.
The rotation and straightening of the angled plies in the loading direction extracts the hidden length
embedded in the angled pies and provides a considerable stiffening in the tensile stress-strain response.
[+£26°5]s layup achieved 1.2% pseudo-ductile strain. A laminate with modified layup of thin-ply
[+26°5/0°]s [9][10] consisting high modulus 0° plies placed among the standard modulus +26° plies,
achieved a pseudo-ductile response with a superior strain-hardening (see Figure 2.33). Dispersed
fragmentation in the 0° plies and local delamination between the —26°/0° interfaces were identified
before rotation of the +26° fibres towards the loading direction. The synergistic gradual fragmentation
and fibre rotation effects contribute to higher initial stiffness and overall failure and pseudo-ductile
strains than each individual ‘angle-ply’ or ‘gradual fragmentation’ strategy. In this case, the blocked
[i26°5] plies and the middle 0" plies can be regarded as the UD HFS and LFS materials in the
continuous UD interlayer hybrids, presented in Section 2.2.2.1.1. Layup combining angle-plies with
0’ plies were later investigated in other loading conditions, and confirmed these layups are notch
insensitive as the fragmentation and local delamination can effectively redistribute the stress-
concentration near an open-hole [11]. In addition, the [+6°n]s and [+26 s/ 0°]s layups were confirmed
to be ‘ductile’, rather than ‘pseudo-ductile’ as excellent stiffness was retained, despite a small amount
of 0 fragmentation in the [+26°</0"]s layup, under quasi-static cyclic loading [96]. In addition, both
FE and experimental results confirmed that thin ply angle-ply [+8°,,/0°,]s laminates with larger
pseudo-ductile strain to ‘yield’ strain ratios, as defined in Figure 2.33 (b), tend to be less sensitive to

notches under tension [11].
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Figure 2.33 Tensile stress-strain curves of thin-ply angle-ply (a) [£25°5]s laminate and (b) pseudo-
ductile [£26°5/0°]s laminates with X-ray CT scanning diagrams at increasing strain levels showing

progressively accumulated 0° fragmentation. Adapted from [8][11].

2.2.3.4 Sandwiched structure with wavy-plies and foams

An out-of-plane wavy skin sandwiched structure composed of wavy UD carbon/epoxy plies enclosing
crushable foam cores (see Figure 2.34) is another promising approach to significantly improve the
failure strain [6]. The failure process and the associated mechanisms are illustrated in Figure 2.35. Extra
extension is provided via crushing the foam cores, which then permit the out-of-plane
reorientation/straightening of skin composite under tensile loading. The deformation of the foam core
absorbs energy during crushing. A trade-off between the tensile strength and strain-to-failure was
reported for various geometric parameters and constituent material properties, particularly those of the
foam core material. Balanced strength and failure strain can be achieved by using intermediate wave
aspect-ratios (i.e. axial length/amplitude of the sinusoidal wavy unit), thin skins and short bridging

regions.

composite skin

Eg {-Ei.[] Iﬁm] g {Eﬂ-.mm}

240 mm

30 mm £ I{ﬁl] rl:l:n]

Figure 2.34 Schematics of out-of-plane wavy sandwiched structure composed of three unit cells.

Copied from [6].
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Figure 2.35 Failure process of successful (without premature delamination) wavy-ply sandwich

structure. Copied from [6].

2.2.4 Interphase, interface and interlock techniques

The other category of strategies to generate overall strain enhancement is to engineer the nano-scaled
fibre-matrix interphase (Section 2.2.4.1), or the micro-scaled interface between adjacent layers in
interlayer laminates (Section 2.2.4.2), or further scaling up to the macro-level, relatively ‘slidable’
boundaries between interlocked composite components (Section 2.2.4.3). The fundamental theory
behind these strategies is to generate the mechanisms, such as damage diffusion, crack deflection, and
most importantly amplifies plastic deformation of the compliant matrix or fibre pull-out or mechanical

friction.

2.2.4.1 Interphase engineering: nacre-mimic fibre coating technique

One fibre-matrix interphase modification consists of a coherent ‘brick-and-mortar’, nacre-mimic
nanometre-scale coating, which was deposited around carbon fibre filaments (see Figure 2.36) [97]—
[99] The synergistic crack deflection among staggered nanoplatelets and nanoplatelet sliding spread the
stress concentration induced by propagating cracks to a larger region. In addition, the curved
nanoplatelets surface profile gradually arrest the crack propagation, so as to delay the formation of a
critical size damage cluster [99]. Compared with higher length scaled ‘brick-and-mortar’ architectures,
the nanostructured platelets lead to denser process zone, therefore improves the fibre-matrix interphase
stress transfer ability. These mechanisms promote progressively developed diffuse carbon fibre

fragmentation (as shown in Figure 2.37) and sliding of the fragmented fibre segments in the matrix, i.e.
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substantial plastic deformation of the interphase, leading to 30% and 15% improvement in the tensile
strain-to-failure and tensile strength of the impregnated composites containing coated fibre tows,
compared with those containing uncoated sized fibres [99]. The coated nacre-inspired interphase makes
the interface neither too strong (to avoid brittle single fibre fracture) nor too weak (to inhibit unstable
fibre-matrix debonding). The intermediate strength (or IFSS) nanostructured interphase promotes crack
deflection in the nanostructured coatings, progressive slippage of fibres, which effectively redistribute
the stress concentration promoted by the initial fragments along the fibres, so as to delay the formation

of critical cluster of fibre breaks [99].

B e mman WY T

(a) (b)

Figure 2.36 Schematics of (a) cross-sectional of layers of nanostructured ‘brick-and-mortar’ coating
on the circumference of a fibre with crack deflection among nanoplatelets and (b) shear effect

between interlocked nanoplatelets. Copied from [98].

Figure 2.37 Fragmentation of the un-treated baseline (control) fibre (left) and more dispersed
fragments in a nacre-inspired nanoplatelets coated fibre (right) in single fibre fragmentation test

(white arrows represent the lengths of fragments). Copied from [98].

2.2.4.2 Interface engineering: interleaving technique

The ‘interleaving’ technique has demonstrated the ability to delay the catastrophic formation of a critical
size cluster of broken fibres in continuous fibre composite laminates [100]. Interleaving is implemented
by inserting tougher polymeric films, for example thermoplastic films with various geometries and
properties, between adjacent prepregs during layup. The associated high plastic deformation ability of

the interleaving films enables larger stress transfer zones to be formed at the crack tips (i.e. enhances
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the redistribution of stress concentrated at the cracks), thereby isolating the sub-critical sized clusters

of broken fibres, which suppress the spread of cracking to adjacent plies and delays ultimate failure.

Interleaving has also been used to improve the tensile strain of the prepreg-based ‘brick-and-mortar’
laminates, presented in Section 2.2.2.3.2. CFRP ‘brick and mortar’ specimens were produced with
epoxy, thermoplastic PES and combined epoxy and PES interleaves in the middle of the platelet-overlap
region between adjacent platelets [101], [102] (see Figure 2.38 (a)). The images captured at the stress
peaks of the non-interleaved baseline and the specimens containing 50um interleaving PES films,
marked by ‘(1) in Figure 2.38 (b) demonstrated that the thicker and tougher PES films in the middle
of the platelet-overlapping region (see Figure 2.38 (a)) can prevent the interlaminar cracks from
catastrophically propagating throughout the entire interface at the failure strength. Instead the PES film
specimens have improved the strain-to-failure by creating gradual delamination and pull-out, as shown
in Figure 2.38 (b). According to the experimental results shown in Figure 2.38 (b), the strain-to-failure
of the interleaving laminates is at least twice that of the baseline laminates without PES and this is
achieved without significantly compromising the initial stiffness and strength. In addition, the tensile
response of the interleaved laminates containing thicker SOum PES films (red lines) tend to be more
repeatable compared to the laminates with the thinner 20pum combined epoxy and PES interleaves (blue

lines), as shown in Figure 2.38 (b).

Baseline 50 um PES interleave Unidirectional CFRC M21 HexPly [Data Sheef]

= Baseline

= Baseline w. epoxy filets

Hybrid 50 um PES interleave
Pre-cuts

2250 4 = Hybrid 20 um PES interleave w. epoxy filets

& 2000
=
= 1750
20 mm B 1500 -
- - - : @ ®
Baseline w. epoxy interleave 20 um PES and epoxy interleave £ 1250
7]
1000 —_
750 4
500 4
250 4
0 T T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045
§ Strain @ @
Carbon fibre-prepreg Epoxy Polyethersulfone
(a) (b)

Figure 2.38 (a) Schematic edge views of the ‘brick-and-mortar’ laminates constructed with long
overlap length, with (or without) interleaving films of different material and thicknesses and (b) the
corresponding tensile stress-strain response and the images of the baseline and lamiantes with 50pum

thick interleaving films. Copied from [101] [102].
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2.2.4.3 Interlocked technique

A significantly enhanced strain-to-failure can be achieved by harnessing the friction at the sliding
boundaries between adjacent interlocked bow-tie and dog-bone shaped blocks (see Figure 2.39 (a))
[103]. The amount of sliding that can be achieved between the surfaces of adjacent CFRP blocks is
dependent on the geometry and layup of the blocks. Tensile tests on the CFRP specimens have shown

an ultimate strain which is more than 10 times higher than that of the UD composite (of approximate

1.9%) (see Figure 2.39 (b)).

i

—— Without preload
‘With 200N preload
Analytical Model

25

(5]
(=]

Stress [N/mm?]
&

=]

.\' L\
-

0 0.05 0.1 0.15 0.z 0.25 03 0.35 0.4
Strain

(a) (b)

Figure 2.39 (a) Example 3D printed polymer interlocked bow-tie prototype with clamping devices
designed for tensile testing and (b) tensile stress-strain curves of bow-tie shaped interlocking

configurations made of CFRP under tension with and without preloading. Copied from [103].

2.3 Conclusions

This chapter has described the strategies that can achieve and tailor pseudo-ductility in composite
materials. The strategies include composite hybridization and the employment of innovative composite
architectures (ranging from nano- to macro-scales). The findings from these strategies are summarized

below:

e Avoiding the formation of localized critical cluster size of broken fibres, which have relatively
higher stiffness and lower strain-to-failure or sudden fibre-matrix debonding and delamination,

accompanied with excessive energy dissipation, is key to prohibit brittle failure.
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e To facilitate progressive initiation and development of non-critical sized damage at dispersed
locations, it is essential that the stress process zones ahead of crack tips can effectively diffuse
the stress concentration. The stress transfer capacity of the process zone can be influenced by
the relative spacing and distribution of fibres (or plies) and the plastic deformation of the fibre-
matrix interphase and the interface between adjacent plies. Less stress concentration in the
neighbouring survived fibres (or plies), after the onset of initial damage, provides a more

progressive failure process and potentially higher residual load-bearing capacity.

e For the reviewed pseudo-ductile cases containing continuous fibres, the continuous fibres in
the loading direction commonly sustain high strength and determine the overall failure stress
and strain. The stress concentration in continuous fibres, arose from the incipient internal
damages, always results in a lower structural failure strain, compared to the critical strain-to-
failure of the continuous fibres. On the contrary, for pseudo-ductile cases made of short fibre
composites, higher strain-to-failure than that of the constituent fibres, promoted by matrix
plastic deformation and fibre pull-out. However, this was always accompanied with low tensile

strength.

e All the results show that to achieve pseudo-ductility, there is always a trade-off in other
properties, such as initial stiffness, ultimate strength and density or additional complexity in the

manufacture process.

This thesis describes an exploitation of an alternative simple method of achieving pseudo-ductility
which can be used in a single CFRP material (and therefore has no impact on the density) and which

holds the potential of insignificant loss in the initial stiffness.
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Chapter 3

Analytical modelling of UD laminates containing

weakened plies and interfaces

3.1 Introduction

This chapter presents the analytical models developed to design the ‘ply-weakened’ and ‘ply- and
interface-weakened’ UD laminates made of a single type of CFRP material. The ‘ply weakening’ is
achieved by introducing ‘continuous cuts’ or ‘periodic perforations’ into selected plies of a laminate.
Schematic diagrams of a ‘cut’ and a ‘perforated’ UD plies are shown in Figure 3.1 (a) and (b). The
interface weakening is achieved by reducing the toughness of the interlaminar interface symmetrically

located in the neighbourhood of each cut, as shown in Figure 3.1 (c).

Fibre direction
—

Ny

N
y N N
A cut Perforations Acut Interface weakening
X

(a) (b) (©

Figure 3.1 Schematic diagrams of a ply containing (a) continuous cuts, (b) lines of periodic
perforations and (c) interface weakening in the region of the continuous cuts that are transverse to the

fibre direction.

This chapter is structured as follows: Section 3.2 presents the simplified fracture mechanics based
analytical models, for the tensile performance of UD laminates containing ‘ply cuts’ and the combined
‘ply cuts and interface weakening’. Section 3.3 presents the tensile performance of UD laminates
containing ply perforations. The effect of ply cuts and perforations on the pseudo-ductile tensile
performance, predicted using the simplified models is compared in Section 3.4. Refined analytical
models for the cut and perforated ply laminates, considering the ‘shear-lag effect’ and a rigid-perfectly
plastic matrix constitutive law, are presented in Section 3.5 and Section 3.6. The properties of the UD
carbon fibre/epoxy prepregs used in this PhD project, and the effects of geometric factors, such as
perforation length, distance between adjacent cuts, etc, on the tensile behaviour of cut- and perforated-

ply laminates, evaluated using the refined models are presented in Section 3.7. The conclusions of the
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potential to achieve pseudo-ductility in UD laminates, using the ply and interface weakening strategies,

are drawn in Section 3.8.

3.2 Simplified analytical models for UD laminates containing continuous cuts and combined

cuts and weakened interface

3.2.1 Simplified analytical model for UD laminates containing continuous cuts

This section presents a simple analytical model to predict the tensile response of a UD laminate
containing continuous cuts in selected plies. Consider a laminate consisting a single or several repetitive
sets of sub-laminates. Each sub-laminate consists a total number of ny plies, with an even number of
ny continuous (i.e. pristine) plies evenly positioned above and below a block of (ny — ny) plies, which
contain cuts (see Figure 3.2). The cuts are designed to initiate stable delamination at the interfaces
between the cut and the adjacent uncut plies. The cut plies contain periodic continuous cuts, that are
transverse to the fibre direction and equally spaced in the fibre direction. The distance between adjacent
transverse ply cuts, i.e. the length of the discontinuous platelets formed after introducing the cuts in the
(ny —ny) plies, is L, as displayed in Figure 3.3. The ply cuts in adjacent cut plies of the sub-laminate
are aligned in the through-thickness direction. Note that the cuts in adjacent sub-laminates could be
offset relative to each other but this has no impact on the prediction of the modelling described here.
The longitudinal stress transfer between adjacent platelets is neglected. The model can be simplified by
analysing the Representative Volume Element (RVE) of length, L, and unit width, highlighted in red in

(nr—ny)

Figure 3.2. The RVE consists %U continuous plies, a platelet consisting discontinuous plies and

the interlaminar matrix between the continuous block and the platelet.
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Figure 3.2 Schematic side views of a UD laminate with an enlarged sub-laminate showing the RVE of

length, L.
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Figure 3.3 Schematic top view of a UD ply with periodic transverse continuous cuts.

cut Fibre and loading direction

Note that in the simplified models, the axial stress is assumed as uniform throughout the thickness of
the RVE. The longitudinal evolution of the stress transfer zones, formed in the vicinity of cuts between
the block of the pristine plies and the platelet formed by cuts, is neglected. It is assumed that there is no
significant loss of stiffness due to the presence of cuts until the onset of delamination has occurred.
Therefore, the stress-strain response is linear-elastic in the initial stage, as shown in Figure 3.4. It is
shown later that for a uniform interlaminar fracture toughness, the stress required for the initiation and
propagation of the delamination is constant and this results in the intermediate plateau in the schematic
stress-strain response (see Figure 3.4). At the end of the plateau stage predicted by this simplified model,
the cut plies are assumed to completely delaminate (i.e. separate) from the pristine plies, which continue

to carry the load in the final linear-elastic stage.

III. Final linear-elastic stage

A
=
=
=
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Resin rich area at ply cut position Interfaces between continuous and cut blocks
e c

Figure 3.4 Schematic pseudo-ductile tensile stress-strain response and the damage evolution process

shown on the side view of a UD laminate containing cuts in the central block of plies.
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3.2.1.1 Initial linear elastic stage

It is assumed that the RVE is subjected to an average tensile stress, 0. The evolution of tensile stress
distribution in the block of continuous plies and the platelet (especially at the cut positions), with
gradually increased g, in the simplified model, is shown in Figure 3.5 (a) to (¢). As mentioned before,

the model assumes that the axial stress is uniform through-the-thickness of the block of continuous plies

and the platelet.
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Figure 3.5 Schematics of the evolution of the axial tensile stress distribution in the continuous plies,
oy, and the platelet, g, at (a) the beginning, (b) the intermediate phase and (c) the end of the initial
linear elastic stage, predicted by the simplified analytical model. (Note the interface area between the

continuous block and the platelet is exaggerated to clearly show the different interlaminar zones).

In the simplified model, tensile stress is transferred from the platelet to the outer block of continuous
plies at the cut positions or ends of a platelet by shearing of the interlaminar matrix, as the average
tensile stress, 0., gradually increases (see Figure 3.5 (b)). Delamination, shown as the yellow area in
Figure 3.5 (c), is initiated at the cut positions once the average tensile stress, 0, reaching the critical
tensile stress, 0o (Or 0y), which is formulated in the subsequent Section 3.2.1.2. As mentioned before,
in the simplified model, the loss of stiffness due to the fibre discontinuities and the consequent stress
transfer between the blocks of continuous plies and the platelet at the cut positions, is neglected.
Therefore the initial stage is assumed to be linear-elastic. The longitudinal strain, €, corresponding to

the increasing stress, g, prior to the intermediate plateau stage is given by Eq.3.1.

O

SZE—O

3.1

where, Ej is the longitudinal Young’s modulus of the pristine UD composite.
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3.2.1.2 Intermediate plateau stage

According to Linear Elastic Fracture Mechanics (LEFM), once the strain energy release rate, Gy,
reaches the mode II interlaminar fracture toughness, Gy, the interface between the platelet and the
block of continuous plies simultaneously fracture at the two cut positions in the RVE. The delamination
initiated from both ends of the interface is assumed to simultaneously propagate axially towards the
mid-point of the RVE. The mode II strain energy release rate, Gy;, is calculated basing on the LEFM-
based methodology, proposed in [104] and is given by Eq. 3.2.

] 3.2

where At and Ay are the overall cross-sectional area of the unit width RVE and the cross-sectional area
of the continuous plies in the RVE. Ar and Ay are expressed as nph and nyh, respectively, where 4 is
the ply thickness. Equating G;; and Gj;. and substituting the expressions for A and Ay into Eq. 3.2

gives the equation for the critical average stress, 0o, causing delamination initiation and growth.

GpcEgn
0-00C=2% 3.3

nph(ny —ny)
Eq. 3.3 does not consider the length of the propagating delamination and therefore provided G
constant, g 1s also constant for both initiation and propagation of the delamination. Eq. 3.4 must be

satisfied to ensure the continuous plies to not fail in tension prior to delamination initiation.

nr
_O-DOC < 0-0 34
ny

Eq. 3.4 indicates that the delamination growth is neutrally stable in load control and therefore stable
under displacement control. The predicted stress-strain response exhibits a plateau during the
delamination growth stage and 0, can be considered as the pseudo-yield stress, g,,¢, of this UD
laminate containing ply cuts. Therefore, the condition for no tensile failure prior to delamination given

by Eq. 3.4 can also be expressed as :—T Oyc < 0p. Strain at the onset of delamination, referring to the
U

first point of the intermediate plateau in the tensile stress-strain curve is calculated as % The variation
0

of tensile stress distributed in the block of continuous plies and the platelet, during the plateau stage, is
displayed in Figure 3.6. Delamination initiated from the two ends of the RVE propagate into the pristine

interlaminar region, when the average tensile stress reaches o). and continues to grow, until
encountering in the middle of the RVE. The peak stresses in the continuous plies and the platelet are

n . . . . .
n—TUoo and o,,, where the average tensile stress, 0, is equivalent to Oyc, as shown in Figure 3.6. The
U
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average tensile strain increases gradually with a constant average tensile stress, during the plateau stage

(see Figure 3.4).
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Figure 3.6 Schematic evolution of tensile stress distribution in the block of continuous plies and the
platelet at (a) the beginning, (b) the intermediate phase and (¢) the end of the plateau stage, where the
remote average tensile stress, 0, is constant during the entire plateau stage and is equivalent to the

pseudo-yield stress, gy, predicted by the simplified analytical model.

3.2.1.3 Final linear-elastic stage

Assuming the platelet completely delaminates from the continuous plies by the end of the plateau, and
only the remaining continuous plies will continue to carry the load and therefore the stress-strain

response will be linear elastic in this final stage. The effective Young’s modulus of the RVE after the

complete delamination, Ef., is given as Z—UEO. The strain at the onset of the final linear-elastic stage,
T
&f¢, 18 therefore given by Eq. 3.5.

£ = Nr0yc
fc —
nyE,

3.5

Ultimate failure occurs when o4, = Z—Ucro, where oy is the tensile strength of a pristine UD laminate.
T
Given the effective Young’s modulus as Z—UEO, the strain at failure is ? , 1.e. the strain-to-failure of a
T 0

pristine laminate.
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The variation of tensile stress distributed in the platelet and the outer block of continuous plies with

further increased average tensile stress, 0, in the final strain-hardening stage is schematically shown

in Figure 3.7.
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Figure 3.7 Evolution of axial stress distribution in the block of continuous plies and the platelet in the
RVE, at (a) the beginning and (b) ultimate failure point of the final linear-elastic stage, predicted by

the simplified analytical model.

The coordinates of the transition points and the moduli of the two linear-elastic stages are shown on the

schematic stress-strain curve in Figure 3.8.
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Figure 3.8 Tensile stress-strain response of a UD laminate containing continuous cuts in selected

plies, predicted by the simplified analytical model.
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3.2.2 Simplified analytical model for UD laminates containing continuous ply cuts and interface
weakening

This section extends the simplified model for UD laminates with ply cuts to include partially weakened
interfaces in the region of cuts, as shown in Figure 3.9. Other than this weakening of the interfaces, all
the previous assumptions apply here. It should be noted that the interface weakening pattern is only
introduced at the interfaces between the blocks of cut plies and the adjacent pristine or continuous plies.
The interface weakened zone of length D is symmetrically placed along each cut to reduce the
interlaminar fracture toughness. The fracture toughness of the weakened region is qGj;c, where q is the
interface weakening factor (g € [0,1]). The lower toughness in the weakened zone means that

delamination initiation and growth will occur at a lower value of remote stress o, than in the non-

1

A cut Fibre and loading direction

weakened interfaces.

:P,; Interface weakening

Figure 3.9 Schematic top view of a UD ply with weakened interface along the periodic cuts.

A schematic diagram of the expected tensile stress-strain response is shown in Figure 3.10. There are
two plateaux, related to the weakened and pristine interlaminar regions. The two plateaux are connected
by an intermediate linear-elastic stage. The stresses of the two plateaux are related to the specific
interlaminar fracture toughness of the weakened and the pristine interlaminar regions, i.e. qGy;c and
Gyic, respectively. At a critical average tensile stress, gy,4, related to the reduced toughness of the
weakened interface, which is equivalent to \/Ecryc (see Figure 3.10), delamination is initiated from the
cuts and propagates along the weakened interface. At the end of the first plateau stage, the weakened
region is completely delaminated. The load now needs to be increased further to cause delamination in
the pristine interlaminar region and during this loading phase the RVE behaves in a linear-elastic
manner with a reduced elastic modulus of E,,. Delamination continue to grow along the pristine
interlaminar region, when the average tensile stress, 0., reaches gy, (given by Eq. 3.3) and continues
to grow along the pristine interface, until the entire platelet is completely delaminated from the pristine
plies at the end of the second plateau. The second plateau is followed by a final linear-elastic stage,

where the pristine uncut plies continue to carry the load until ultimate failure.
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Figure 3.10 Schematic tensile stress-strain curve of a UD laminate containing partially weakened

interface between the block of continuous plies and the platelet.

The coordinates of the highlighted points and moduli of the three linear-elastic stages, shown in the
schematic stress-strain response (see Figure 3.10), are deduced using the same methodology presented

in Section 3.2.1.

As before, the modulus of the initial linear-elastic stage is taken as E;. The expression of stress gy,
related to the onset and propagation of delamination along the weakened interlaminar regions in the

RVE, can be determined from Eq. 3.3 by replacing G;;¢c with Gy ¢. It can be seen that the o, (see Eq.

3.6)is \/6 times the stress for the second plateau, o, (see Eq.3.3).

_qGricEony
Oyg = 2 =,/q0 3.6
rq nrh(nr-ny) ye

The strain at the onset of the first plateau stage is %. To calculate the strain at the end of the first
0

plateau, where the weakened interlaminar regions are completely separated from the pristine plies, the
effective Young’s modulus of the intermediate linear-elastic stage (see Figure 3.10), E},, is required.
E,, is related to the overall volume fraction of the outer continuous plies and the residual un-

delaminated part of the platelet, as shown in Eq. 3.7.

_nyL+ (L —-D)(ny —ny)
B nylL

E, 3.7

Thus, the strains at the beginning and end points of the intermediate linear-elastic stage are 24 E 2 and Ey =
m m

respectively. Assuming the platelet is completely delaminated from the pristine plies at the end of the

second plateau stage, the modulus of the final linear-elastic stage, Ef, is given as E 0, as before. Thus,
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strain of the beginning point of the final linear-elastic stage is calculated as % The pristine plies

fc

. n . o . .
fracture once the average tensile stress, 0, reaches n—U 0y, the corresponding overall strain-to-failure is
T

. g
equivalent to =2,
Eg

3.3 Simplified analytical model for UD laminates containing ply perforations

As described at the beginning of this chapter, the other way to implement ‘ply weakening’ is to
introduce ‘perforations’. Ply cuts can be regarded as a special ‘perforation’ profile, where there is no
gap between adjacent transverse perforations. In this section, the simplified analytical modelling
method is used to predict the tensile performance of UD laminates containing periodic perforations in

selected plies.

A schematic side view of a UD ny-ply laminate is shown in Figure 3.11 (a). The perforations are
introduced in the central (ny — ny) plies. Perforations in adjacent perforated plies are perfectly aligned
in the through-thickness direction. The perforations are perpendicular to the fibres as shown in the
schematic top view of a perforated ply (see Figure 3.11 (b)). The length of the perforation is P, as shown
in the top view. The longitudinal distance between adjacent lines of perforations is L. This arrangement
makes the perforations periodically spaced in both axial and transverse directions and leaves bundles
of completely continuous fibres in the axial direction of the perforated plies, as shown in Figure 3.11
(b). This extra proportion of continuous fibres in the central (ny —ny) perforated plies means

practically higher initial stiffness than that of the laminates containing continuous cuts.

Well-aligned perforations in Representative Volume

adjacent perforated plies Element (RVE)
3 IS MY . .
H 1 ] —, bristine plies
G e - ny—ny) perforated plies
| % pristine plies
* ~— L —
1 1 ¥ '
: : =5 | : w
(b) I | H —
1 1 LL;!\ I
y | l l

A line of perforations in a perforated ply

_________________________

Figure 3.11 Schematic (a) side view of a ny-ply UD laminate containing perforations in the central
(nr — ny) plies and (b) the top view of a perforated ply containing three lines of periodic

perforations.
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It is important to notice that localized stress concentration is induced at the ends of each perforation,
which may influence the failure process. Two types of failure processes may occur, which are briefly
described and schematically demonstrated on the cross-sectional view of a UD perforated laminate, as

shown in Figure 3.12.
e Perforations grow transversely to form a continuous cut:

High stress concentration at the ends of each perforation could potentially trigger transversely
propagating cracks, which eventually join up to form a continuous cut across the entire ply, as shown
in the case (a) in Figure 3.12. The following behaviour is like the ‘cut-ply’ case described in Section
3.2.1.2, where delamination occurs at the interfaces between the blocks of continuous and cut plies,

once the average tensile stress reaching the critical value.
e Debonding around the perimeters of the perforated fibre bundles propagates longitudinally:

Transverse propagation of cracks at the ends of perforations does not occur and instead debonding of
the perforated fibre bundles occurs and propagates in the fibre direction, as shown in the case (b) in

Figure 3.12.

w-- > *
Pristine i\ntcrfacc (a} \% I f
pristine plies { Transversely growing perforations Perforation Jomn up to
perforated plies { II:I!__FI:I: form a continuous cut
pristine plies { \

\

Introduced perforation (b)

z _ BB _H_ 0 N B

L,

Figure 3.12 Schematic cross-sectional views of a perforated laminate (fibres pointing out of the paper)
with the failure processes of (a) perforations grow transversely to form a continuous cut, before the
onset of delamination between the blocks of the continuous and the perforated plies and (b)
perforations induced debonding at the perimeters of the perforated fibre bundles and propagates in the

fibre direction.

The schematic tensile stress-strain responses for the two types of failure processes are presented in
Figure 3.13. Similar to the ‘cut-ply’ case, shown in Section 3.2.1, the effect of ply weakening, i.e.
perforations in this case, on the initial modulus of the UD laminate, is neglected and the Young’s

modulus of initial linear-elastic stage is E,, as shown in Figure 3.13 (a) and (b).
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Figure 3.13 Schematic tensile stress-strain curves (plotted on the same length scale) of the two

potential types of failure processes for UD laminates containing perforations

For failure process case (a), in which the perforations grow transversely to form a continuous cut, as
shown in Figure 3.12 (a), the joined-up perforations result in the formation of platelets in the perforated
plies. The following predicted tensile behaviour is identical to that of the ‘cut-ply’ laminate, shown in
Section 3.2.1.2. Delamination is initiated from the continuous cracks and propagates along the
interfaces between the blocks of the perforated and the continuous plies, towards the mid-point of the
platelet. The stress for the onset and propagation of delamination, i.e. the pseudo-yield stress, can be
calculated using Eq. 3.3, used for the ‘cut-ply’ laminates (see Figure 3.13 (a)). As before, the perforated
plies are assumed to be completely delaminated from the outer continuous plies at the end of the

intermediate plateau stage. In the final linear-elastic stage, the outer continuous plies continue to carry
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the load until ultimate fracture. This means the modulus of the final linear-elastic stage, Efp,, is

equivalent to that of the ‘cut-ply’ laminates, Ef. (see Figure 3.13 (a)).

A higher pseudo-yield stress than that of the ‘cut-ply’ case can be achieved (see Figure 3.13 (b)), when
the transverse propagation of cracks induced by the perforations does not occur, instead, debonding of
the perforated bundles propagating axially along the interfaces above and below the perforated bundles
and between the adjacent perforated and unperforated bundles occurs. The debonding results in a
significant loss of stiffness and a plateau in the stress-strain response. At the end of the plateau, the
perforated bundles are completely debonded from the continuous fibres and the load is only carried by
the continuous part in the final linear-elastic stage. A lower proportion of perforated fibres results in a

stiffer final linear-elastic stage and a higher ultimate tensile strength.

3.3.1 Simplified analytical model for UD perforated laminates that fractured by debonding of
the perforated fibre bundles

A schematic diagram of the cross-section of a UD perforated laminate containing periodic perforations

is shown in Figure 3.14. The fibre bundle debonding stress, gy, is closely related to the geometry of

the perforation profile.

I
ng—” continuous plies { i

T
(ny — ny) perforated 0° plies { . - -
eal

i

n - -
7” continuous plles{

Figure 3.14 Schematic cross-section of a UD laminate containing periodic perforations in the central

(np-ny) perforated plies (fibre direction points out of the paper).

As shown in Figure 3.14, debonding (shown in yellow) appears at the interfaces surrounding the
perforated fibre bundles (shown in black) in the central (ny-ny) plies. The overall tensile response can
be predicted by analysing the RVE, highlighted in Figure 3.14. The overall width of the RVE is w. The
overall perimeter of the debond interfaces around the perforated fibre bundle in the RVE is 2(P +
nrh —ngh). The overall cross-sectional areas of the RVE and of the unperforated region in the RVE
are npwh and nywh — (ny — ny)Ph, respectively. Therefore, the pseudo-yield stress, gy, for the
onset and propagation of fibre bundle debonding can be determined using the energy-based approach,

used in [104] and is expressed in Eq. 3.8.
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3.8

=9 GicEo[P + h(ny — ny)][nyw — P(ny — ny)]
= wPnph(ny —ny)

nyw—-P(np—ny)

Note that here gy, < 0y is essential to ensure the plateau can be observed prior to the

nrw

tensile failure of the continuous unperforated part in the laminate. Hence, the coordinate of the yield

point is given as (%, Oyp), as shown in Figure 3.15. The perforated fibre bundles are assumed to be
0

completely debonded from the remaining continuous fibres, at the end of the plateau. In the final linear-

clastic stage, the tensile stress is carried by the outer continuous plies, as well as the remaining

unperforated continuous fibre bundles in the perforated plies. The effective modulus of the final linear-

elastic stage, Ef,, is therefore expressed in Eq. 3.9.

new — (ny —ny)P
Efp _Ir (ny v) E, 3.9

The strain at the transition point between the plateau and final strain-hardening stages is therefore

expressed as ?. Neglecting the excess stress in the pristine plies induced by the debonding process,
fp

the tensile strength is proportional to the overall volume fraction of the continuous fibres in the UD

nrw-P(nr—ny)

laminate, i.e. 0y. Given the effective Young’s modulus shown in Eq. 3.9, the failure strain

nrw

is expressed as E—O, i.e. equivalent to the failure strain of the pristine laminate, as expected. Moreover,
0

comparison between Eq. 3.3 and Eq. 3.8 confirms that the pseudo-yield stress always becomes greater

once the continuous cuts are replaced with the same number of lines of periodic perforations.

(@ nrw—P(nr—ny) )
E()’ nrw 0

Figure 3.15 Schematc tensile stress-strain response and the coordinates of key points for a UD

perforated pseudo-ductile laminate that failed by debonding of the perforated fibre bundles.
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3.4 Comparison of the tensile performance of UD laminates containing cuts, cuts and interface

weakening and perforations, predicted by the simplified analytical models

According to Figure 3.8 and Figure 3.10, the stress for the onset of delamination in the UD laminates
containing only ply cuts is higher than that of the same laminate containing additional partially
weakened interfaces. This is expected since the weakened interlaminar region has a lower mode II
interlaminar fracture toughness. The partially weakened interface promotes two plateaux in the tensile
stress-strain response, i.e. a more progressive failure process than in the completely pristine interface
case. However preliminary experimental trials showed that it was difficult to accurately control the area
of weakened interface and the interlaminar toughness weakening factor, g, in uncured prepreg materials

and so the interface weakening method was not pursued.

The difference in the tensile performance of laminates containing continuous cuts and those containing
periodic perforations, demonstrates the potential to adjust the tensile performance by adjusting the
laminate geometry (i.e. the ply weakening geometry and the number of pristine and weakened plies).
The pristine plies and the continuous part in the perforated plies result in a higher stiffness in the final
linear-elastic stage than that for the same laminate containing continuous cuts. For laminates containing
selected cut plies, the damage associated with pseudo-yielding is delamination between the continuous
and cut plies. In laminates containing periodic perforations, if premature breakage of the continuous
fibres at the perforation lines can be avoided, then pseudo-yielding occurs due to debonding around the
perforated fibre bundles. The onset and propagation of damage during the yielding phase for both types
of ply weakened (i.e. cut and perforated) laminates are related to the mode II fracture toughness of the
material. It has been confirmed that, the yield stress for a pseudo-ductile laminate containing periodic
perforations in selected plies is always higher than the yield stress for the same laminate containing
continuous cuts. In addition, the tailorable geometry of the perforation profile means the ‘ply perforation’

strategy provides wider design space in comparison with the ‘cut-ply’ strategy.

It is noted that the simplified analytical models neglected the initial stiffness reduction due to the
presence of any ply discontinuities. To more comprehensively understand the damage evolution in the
UD laminates containing cut or perforated plies, the models are refined by considering the ‘shear-lag’
effect between the continuous and discontinuous blocks of plies, using a rigid perfectly-plastic

interlaminar matrix shear constitutive law, as described in the following section.
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3.5 Refined analytical model for the UD laminates containing continuous cuts

In the simplified analytical model, the evolution of the stress transfer zone is neglected and this results
in the linear-elastic initial and final stages, as shown in Figure 3.16 (a). In the refined analytical model,
the ‘shear-lag’ effect in the stress transfer zones between the block of continuous plies and the platelet,
is considered. The interlaminar matrix is assumed as rigid perfectly-plastic. The gradual development
of the stress transfer zones results in a gradual reduction of the stiffness before and after the intermediate
plateau, as indicated in Figure 3.16 (b). The initial stage of the stress-strain curve is no longer linear but
for practical material properties, this is almost linear and so this stage is called the ‘initial almost (or

approximately)-linear’ stage. The final stage is also non-linear and is termed the ‘final strain-hardening’

stage.
A A
Plateau stage Plateau stage s/
. . . - [ e :
@ —~= Final linear-elastic stage 2 /, * Final strain-hardening stage
g @ , —
= 2 y -
n .
.. . . ﬁ/, I T
Initial linear-elastic stage *~7" Initial almost-linear stage
- Strain » Strain
(a) (b)

Figure 3.16 Schematic pseudo-ductile tensile stress-strain responses predicted by (a) the simplified

and (b) the refined ‘shear-lag’ effect models.

3.5.1 Initial almost (or approximately)-linear stage

Any tensile stress transfer between the cut faces of axially adjacent platelets, shown in Figure 3.11, is
neglected. The ‘shear-lag’ model is applied to the previously defined RVE (see Figure 3.2). Figure 3.17
shows the tensile stress distribution in the block of pristine plies and the platelet in the RVE and the
evolution of the interlaminar matrix, during the initial approximately-linear stage, predicted by the

refined model.

The rigid perfectly-plastic characteristic (schematically shown in Figure 3.18) of the matrix at the
interface between the block of pristine plies and the platelet, provides a constant interlaminar shear

stress (ILSS), 7,,, in the stress transfer zones, as shown in Figure 3.17 (b) and (c).
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Figure 3.17 Schematic variation of tensile stress distribution in the block of continuous plies and the

platelet in the RVE: (a) subjects no external stress, (b) formation and elongation of two stress transfer

zones with length of ;k, initiated from the two ends of the platelet, under increasing average tensile

. .. l .
stress, 0o and (¢) the stress transfer zones reaching the critical length, %, once the average tensile

stress, 0, reaches the critical delamination stress, oy,c.

é‘rC

5,

Figure 3.18 Schematic shear stress-shear displacement relation for rigid perfectly-plastic interlaminar

matrix.

As the remote average stress, 0, is increased from zero (see Figure 3.17 (a)), the stress transfer zones

develop from the ends toward the centre of the platelet (see Figure 3.17 (b)). From equilibrium of the

platelet in the stress transfer zone (shown in the enlarged diagram of Figure 3.19), the combined length

of the stress transfer zones, I, in the platelet, is given by Eq. 3.10.
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Figure 3.19 Schematic stress distribution in the continuous plies and the platelet next to the
interlaminar stress transfer zone (highlighted in the RVE), at an average stress 0, during the initial

approximately-linear stage.

In each zone, the axial stress is assumed to be uniform across the thickness of the continuous block and
also across the platelet. For a rigid perfectly-plastic interface, the axial stress varies linearly along the

length of the stress transfer zones, as shown in Figure 3.17 (b) and (¢).

At a certain value of the remote stress, 0., the relative shear displacement between the continuous plies and
the platelet at the trailing edges of the stress transfer zones will reach the critical value, §,. (see Figure 3.18),
and delamination will be initiated at these positions (shown in yellow in Figure 3.17 (c)). This value of o,
is the same as the critical value, o, for delamination initiation (given by Eq. 3.3, presented earlier in the
simplified model, shown in Section 3.2.1.2). As for the simplified model, o, must satisfy Eq. 3.4 to
ensure no tensile failure prior to the plateau stage in the tensile stress-stain response. At this stress, the
combined length of stress transfer zones reaches its maximum value, [, given by substituting g, =
gy into Eq. 3.10. The peak stress in the continuous plies at delamination initiation is given in Figure
3.17 (c). Moreover, it is noted that to obtain the plateau (shown in Section 3.5.2) and the final strain-

hardening stages (shown in Section 3.5.3), the platelet length, L, must be greater than [;.

The overall average strain of the laminate is equivalent to that of the continuous block, &, during the

growth of the stress transfer zones. € can be formulated using the overall extension of the continuous
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plies, which is equivalent to the sum of the extension of the central section adjacent to the intact interface
and the extension of the overall stress transfer zone, [. € in terms of increasing g, is formulated in

Eq. 3.11.

nr —ny)?h 1
:( T —Ny) 0.2 +—0. 311
2nuTyLEO EO

The equivalent overall secant modulus, Ej;, of the RVE in the initial almost-linear stage in oo, €

[0, 0y], is therefore expressed as Eq. 3.12.

znuTyEoL

E;s = 12
L 2LnuTy + (nT - nU)ZhO'OO 3

Substituting 0o, = 0, to Eq. 3.11, the strain at the end of initial stage of the stress-strain response,

associated with the onset of delamination is expressed in Eq. 3.13.

(nr —ny)?h , 1
=L U s P — 3.13
€T 2LEnyt, ¢ T E,°

For a given € (shown in Eq. 3.11), the corresponding tangent modulus, E};, is determined using Ei =
it
i, as shown in Eq. 3.14.

dow

nyTtyEq L
70 3.14

E; =
T Lyt + (g — ny)2hoe

3.5.2 Intermediate plateau stage

When the applied overall average strain, ¢, is increased above that for initiation of delamination growth
(see Figure 3.20 (a)), the average tensile stress, g,,, remains constant as the delamination fronts and the
associated stress transfer zones advance toward the mid-point of the platelet. This process is
schematically shown in Figure 3.20 (b) as the gradual elongation of the delaminated zones (shown in
yellow) and the contraction of the intact interface zone (shown in green). A uniform axial stress of o,
is observed in both continuous plies and the platelet next to the gradually contracting intact interface.
Oy is equivalent to 0 ¢, shown in Eq. 3.3. The fracture toughness for the onset and propagation of the
interlaminar crack is assumed to be equal to the mode II fracture toughness, Gy, and this is assumed
to remain constant throughout the fracture process. (This explains why the average tensile stress, 0,

remains constant in the plateau stage). The zones of linearly varying axial stress in the continuous plies
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and the platelet also advance with the stress transfer zones. It is worth noting that the two stress transfer
zones maintain the critical length of % while translating toward the platelet mid-point. The plateau

stage terminates when the two stress transfer zones eventually meet at the mid-point of the platelet, as

shown in Figure 3.20 (c), at which the green zone (i.e. the intact interface) disappears.

- Resin rich region at ply cut . Stress transfer zone Delaminated interface - Intact interface

0o (oo =07¢) /_
Lo L\O
2 \2 2

(a) (b) (©)

Figure 3.20 Schematics of the process of the translating of the delaminated, stress transfer and intact
interlaminar zones and the associated variation of the axial stress in the continuous plies and the
platelet at (a) the beginning, (b) the intermediate phase and (c) the end of the plateau stage in the

tensile stress-strain response.

3.5.3 Final strain-hardening stage

To predict the response in the final strain-hardening stage (i.e. after the stress transfer zones have met
at the mid-point of the platelet), propagation of the delamination fronts is assumed to occur when the

shear displacement between the continuous block and the platelet, 5r y.» exceeding the critical shear
’2

displacement, 8,.c. The critical shear displacement of a rigid perfectly-plastic matrix (shown in Figure

3.18), &,¢, can be determined by Eq. 3.15.

G
80 = < 3.15

Ty
As the average tensile stress, 0, further increases above oy, the stress transfer zones initiated from

the two ends of the platelet gradually coalesce. The evolution of the stress transfer zones, as well as the
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associated variation of the axial stress distribution in the continuous plies and the platelet, are shown in

Figure 3.21.
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Figure 3.21 Schematic evolution of the tensile stress distribution in the continuous plies and the
.. L - . .
platelet (a) when the stress transfer zones of critical length, %, just meet at the mid-point of the

platelet and 0, = 0y, (b) the combined stress transfer zone contracts as the average stress, 0, is

further increased above o, and (c) ultimate failure of the continuous plies when the peak axial stress

in the continuous plies, :—T 0o, reaches the tensile strength of the material, ay.
U

For the continuous plies, the axial tensile stresses for the parts next to the stress transfer zone and the
delaminated interlaminar zone, in half of the RVE (see Figure 3.21 (a) and (b)), are expressed in Eq.
3.16 and Eq. 3.17, respectively.

[ n 2x =Lt l

(, oyl KTy ol

Qau(x) 0o oh x €[0,5] 3.16
nr lk L

IkO'U(X)=EO'oo X € [?,E] 3.17

. . . . 1 .
According to Eq. 3.16, the extension of the continuous plies between x = 0 and x = ;k, Oy, o 18 then
5

expressed in Eq. 3.18.
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In terms of the platelet, the axial stresses for the parts next to the stress transfer zone and the delaminated

interlaminar zone, in half of the RVE, are given by Eq. 3.19 and Eq. 3.20, respectively.

_ (lk — ZX)Ty lk

o.(x) = .Y x € [0, 2] 3.19
I, L

loc (x) =0 x € [7"’5] 3.20

The extension of the platelet between x = 0 and x = %‘ is then calculated from Eq. 3.19 and is shown
in Eq. 3.21.

bty 321
81, .

5e - 4(ny —ny)Eyh

. . . !
Hence, the relative displacement between the continuous plies and the platelet between x = 0 to x = ?",

6rl—k’ is determined from (&, v 61_kc) (see Eq. 3.18 and Eq. 3.21) and is shown in Eq. 3.22.
. : x

2 2

lknT [ lkTy
L = o
TI? ZEOTLU

O TCop T 3.22

Delamination growth occurs once ST y. (shown in Eq. 3.22) becomes equivalent to &,¢ (see Eq. 3.15),
’2

which is expressed as the quadratic equation, in terms of [, (see Eq. 3.23).

nTTyzlkZ - Z(nT - TLU)TynTO'oolkh + 4hG”CnuE0(nT - nu) =0 3.23

The value of stress transfer zone length, [;, in terms of the average tensile stress, 0o, (000 > 0yc), is

determined as the positive, real solution of Eq. 3.23.

The overall representative strain of the laminate in the strain-hardening stage, &, which is equivalent to
the overall strain of the continuous plies, can be determined from Eq. 3.16 and Eq. 3.17, and is shown

in Eq. 3.24.
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The final strain-hardening stage is plotted according to the overall strain, &, given in Eq. 3.24 for o,

(0w € [ayc, Z—U 00]). Failure of the continuous plies occurs when the peak stress in the continuous plies
T
reaches the tensile strength, g, where the average tensile stress applied to the RVE, o, equals :ll—” 0p.
T

The strain at the onset of the final strain-hardening stage is obtained by substituting o, = 0y, into Eq.

3.24. Given Eq. 3.24, the secant modulus, Ef,, of the final strain-hardening stage is determined from

Efs = 2 as shown in Eq. 3.25.

&

_ 2LhEyn; 0, )
87 (2hLngog, — Tyb) 3.25
The corresponding tangent modulus, Ef, is determined using EL = ddTg, as shown in Eq. 3.26.
ft 0
_ nyky
E; = . 3.26

Eq. 3.26 indicates the tangent modulus of the final strain-hardening stage is proportional to the volume

fraction of the continuous plies in the RVE.

Figure 3.21 (c) shows the interface is not fully delaminated from the continuous plies at ultimate failure.

The length of the remaining un-delaminated part in the RVE at the ultimate failure point, can be

calculated as the solution of Eq. 3.23, where o, is equal to Z—U 0Op-
T

3.6 Refined analytical model for the UD laminates containing periodic perforations

The analytical model for a ny-ply UD laminates containing lines of periodic perforations in the central
(ny —ny) plies, which are embedded in the middle of an even number of ny continuous plies (as
shown in Figure 3.22 (a)), is refined by considering the ‘shear-lag’ effect with a rigid perfectly-plastic
interlaminar shear behaviour. Note that the boundaries (highlighted in Figure 3.22 (a)) between the
continuous and the discontinuous fibre bundles in the perforated plies are not introduced in the
perforated plies. The perforations of same length are equally spaced in both longitudinal and transverse
directions, as show in Figure 3.22 (a). Lines of perforations are spaced at L apart and the perforations
in adjacent lines are longitudinally aligned. Any tensile stress transfer between axially adjacent

perforated bundles is neglected. The model is simplified by analysing a Representative Volume Element
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(RVE) containing a central perforated fibre bundle of length, L, and width P, as shown in Figure 3.22
(b). The overall width of the RVE is w. At any cross-section of the RVE (shown in Figure 3.22 (b)), the
tensile stress is assumed as uniform across the thickness of the continuous part and across the perforated

fibre bundle, as shown in Figure 3.22 (c).

——
Tibre direction

(a) Architecture of a UD laminate containing perforations

A perforated fibre bundle
of width P and length

n;
Tvprisﬁne plies
(ny —fy) perforated plies

Ry .. .
Tpnstme plies

(b) RVE (zoom-in from (a)) (c) Cross-sectional view (highlighted in (b))

Figure 3.22 3D schematics of (a) the architecture of a UD laminate containing four lines of periodic
perforations in the central perforated plies and (b) a zoom-in diagram of a RVE with a central
perforated fibre bundle of length, L, with a highlighted cross-section plane and (c) the corresponding

cross-sectional view of the highlighted plane.

3.6.1 Initial approximately-linear stage

The perforations promote intralaminar cracks developed at the lateral boundaries of adjacent perforated
and unperforated (continuous) fibre bundles (i.e. the labelled planes abcd and efgh in the RVE, shown
in Figure 3.23 (a)) and delamination at the interfaces above and below the perforated bundle (i.e. the

labelled planes abfe and dcgh in Figure 3.23 (a)). The stress transfer zone on each side of the RVE is
assumed to develop simultaneously on the surrounding four planes. Stress transfer zones of lengthl;"

are developed from the ends of the central perforated bundle as the average tensile stress, g, increases.

The tensile stress distribution in the perforated fibre bundle and the surrounding continuous part in half
of the RVE (of length g) are shown in Figure 3.23 (b) and (c), respectively. The interlaminar shear stress,

Ty, on the four planes surrounding the perforated bundle, is uniform throughout the stress transfer zone,

due to the rigid perfectly-plastic matrix behaviour assumed here.
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Figure 3.23 Schematic (a) RVE with labelled debonding planes surrounding the central perforated
fibre bundle and the stress distribution in the (b) central perforated fibre bundle and (c) the

: . . L
surroudning continuous part in x € [0, E]'

The combined length of the stress transfer zones in the RVE is determined from the force equilibrium

of the perforated fibre bundle, shown in Figure 3.23 (b) and [}, is expressed in Eq. 3.27.

I = P(ny —ny)h
o Ty[P + (nr —ny)h] °

3.27

As the average tensile stress, 0, increases, the stress transfer zones are initiated from both ends of the

perforated fibre bundle and grow toward the middle of the RVE. These zones continue to grow until
they reach a critical length lch’ when o, reaches the critical stress for delamination, gy,,. To obtain the

plateau (shown in Section 3.5.2) and the following final strain-hardening stages (shown in Section 3.5.3),
the platelet length, L must be greater than l,.. The overall effective modulus of the RVE is then
expressed according to the overall extension of the continuous part, i.e. sum of the extension of the
continuous part next to the middle intact interface and next to the stress transfer zones. The
representative average strain of the continuous part, &, in terms of 0, in the initial approximately-linear

stage is formulated in Eq. 3.28.
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_ (ny —ny) 2hP
N 2[(ny —ny) h + P]Lnyt,E,

o, 2+i0' 3.28

& co
Ey

The coordinates of the points in the initial stage, where g, € [0, 0y,,], is therefore determined as (¢, 05, ).

The overall effective secant modulus, Ej,, of the initial stage is defined in Eq. 3.29, based on E;; = %"

2LEytyny[(ny — ny)h + P]

E, =
¥ 2Ltyng[(ny —ny)h + P] + (np —ny)?hPo,, 3.29
The corresponding tangent modulus of the initial stage, Ej;, is derived from EL = % and shown in Eq.
it 00
3.30.
LEyt,ny[(ny —ny)h+P
E, = oTyny[(nr —ny) | 330

Ltyny[(ny —ny)h + P] + Pho,(ny —ny)?

Figure 3.24 shows the axial stress distribution in the perforated fibre bundle and in the surrounding
continuous part, and the evolution of the interface between the continuous and the perforated parts in

the RVE, related to the initial approximately-linear stage, predicted by the refined analytical model.

The peak stress in the continuous part at debonding initiation is e il Oyp, as shown in Figure

nrw-P(nr—ny)

3.24 ().
- Resin rich region at ply perforation . Stress transfer zone Debonded interface - Intact interface
oy oy
L L
. <2 P .
1 -~ -~ nrw
H H ! e O]
' _ I E ' nrw — P(nr—ny) '
i e e W= TP . S
ol X T T o o I

Continuous part {E Cont. Lz

Perforated fibre bundle | P_ : : |

a

P

T O o R
i) ! 1 x yp 1 1 1 x

TR 6y sl E)
@) ®) ©

Figure 3.24 Schematic axial stress distribution in the continuous plies and the perforated fibre bundle

= |

[RTY S —

in the RVE at (a) the beginning, (b) an intermediate phase and (c) the end of the initial approximately-

linear stage of the stress-strain response of a UD laminate containing perforations.
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3.6.2 Intermediate plateau stage

When the average stress, 0., reaches, gy, inter- and intra-laminar debonding growth is initiated at the
ends of the perforated fibre bundle and the combined length of the stress transfer zones reaches its
critical value of l,-. When the applied overall average strain is increased further, the debonding fronts
and the stress transfer zones advance toward the mid-point of the perforated bundle, without further
increase in 0., (i.e. there is a plateau in the stress-strain response). There is no change in the combined
length of the stress transfer zones during this plateau stage. Figure 3.25 shows the evolution of the
debonded regions, the contraction of the intact interface and distribution of the axial stress in the

continuous part and the perforated fibre bundle, i.e. oy and oy, respectively.

- Resin rich region at ply perforation . Stress transfer zone Debonded interface - Intact interface
Oy 0y Oy
Lec Lee lic lic e 1 e
nrw - - - - -5 | 5

L2 2 2 s 2, . 2 | 2

S e —
nyw — P(np—ny) P

4
\

—f--t--}--1---¥-

R o
i S
. —
G -Uw)r
L Le O e L X
2 2 2 2
(@) (b) (c)

Figure 3.25 Evolution of axial stress distribution in the continuous part, the perforated fibre bundle
and the interface beween the two parts in the RVE, at (a) the beginning, (b) the intermediate phase

and (c) the end of the plateau stage in the tensil stress-strain response.

The fracture toughness for the onset and propagation of the inter- and intra-laminar cracks is assumed
to be equal to the mode II fracture toughness, Gy, and this is assumed to remain constant throughout
the fracture process. Therefore the average tensile stress, g,,, remains constant in the plateau stage. The
pseudo-yield stress, gy, is expressed in Eq. 3.8. The stress carried by the central perforated fibre bundle
is transferred to the surrounding continuous part via the shearing of the interlaminar matrix related to
stress transfer zones. The peak axial stress in the continuous part therefore occurs in the region adjacent

to the debonded zones (shown in yellow) and is given by - e id

= — Oyp, as indicated in Figure 3.25.

The peak axial stress in the perforated fibre bundle remains at g,,,. The plateau stage ends when the

stress transfer zones just meet at the centre of the perforated bundle.
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3.6.3 Final strain-hardening stage

In the final strain-hardening stage, the debonding process continues with increasing o, and the
combined stress transfer zone contracts (see Figure 3.26). As described in the refined model for the cut
ply laminates (shown in Section 3.5), it is assumed that the debonding fronts advance (see Figure 3.26

(b)), when the shear displacement between the continuous and perforated parts on each side of the RVE,

. . . U .
6r y.» exceeds the critical shear fracture displacement, &,. The shear displacement at x = + ;k, (i.e. the
2

outer edges of the stress transfer zones) can be determined by considering the difference in axial

. . l
extension between the continuous and perforated parts between x € [0, ;k].
- Resin rich region at ply perforation . Stress transfer zone Debonded interface
1.9 Loyl o MWOm
bee ke 247 npw — P(np—ny)
SRS B el o)

777777777777777777777777777777777777777777777777

g
nrw — P(nr—ny) yp:

O (O =0yp) - mmm e e e

TR e e e T
INTES it

I
I
TR R

(a) (b) (c)
Figure 3.26 Evolution of the stress distribution in the continuous part and the central perforated fibre

bundle in the RVE at (a) the beginning, (b) the intermediate phase and (c) the end of the final strain-

hardening stage of the tensile stress-train response.

The axial tensile stresses in the continuous part next to the stress transfer and the intact interface zones,

are expressed by Eq. 3.31and Eq. 3.32.

I{o' ) = 7y [(nr —ny)h + P](2x — 1) wny " re [0 l_k]
4 v wnrh — Ph(ny — ny,) wny — P(np —ny) * 2 3.31
Wnr [lk L] 332
= 00 E —, = .
LUU ) wnr — P(ny — ny) o x 2°2

. : I . .
Hence the extension of the continuous part between x = 0 and x = ;k, ie. Oy . for this perforated RVE,
>

is given by Eq. 3.33.
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_ 2wnrhlgoo, — [(nr — ny)h + Pl

5, 333
?'U 4E0 [WnTh - Ph(nT - nU)]

The axial stresses in the perforated fibre bundle next to the stress transfer and the intact interface zones,

are given by Eq. 3.34 and Eq. 3.35.

( B Ty[(nr —ny)h + P](l; — 2x) l_k
p(x) = Ph(ny — ny) X e [0' 2] 3.34
op () =0 x € [%"é] 3.35

Therefore, the extension of the perforated fibre bundle between x = 0 and x = l;k, ie. 8y >’ is given by
.
Eq. 3.36.
[(nr — ny)h + Pty L

5. = 3.36
lyk,p 4EoPh(ny —ny)

l . . .
Therefore at x = ;k, the relative shear displacement, (ST y» between the continuous and perforated parts

2
can be determined from Eq. 3.33 and Eq. 3.36 and is expressed in Eq. 3.37.

ST,lk = 61 U - Sl_k‘p 3.37

Then setting the 6r y equal to &,¢, the following quadratic equation 3.38 in terms of [, is given.
’2

Gue _ 2wnphlio, — [(ny —ny)h + PlryL®  [(np — ny)h + Pty L

Ty B 4E,[wnrh — Ph(ny — ny)] 4E,Ph(nr — ny) 3.38

Rearrange Eq. 3.38 gives the quadratic equation Eq. 3.39 in terms of /.

wnpt, 2 [(ny —ny)h + PIL,* - 2wnrPhty,0,,(ny — ny)l, + 4Gy EgP[wnrh — Ph(ny — ny)l(np —ny) =0 3.39

Hence, for a given value of remote average stress, 0o, (00 > yp), i is the positive, real solution of

Eq. 3.39. For a given value of stress transfer zone length, [, the corresponding overall extension of the

continuous part, 6,y (i.e. x € [%L,%]), is determined based on Eq. 3.31 and Eq. 3.32.
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5 2wnrhlLo,, — [(ny — ny)h + Plt, L2
Lo — Z[WnTh - Ph(nT - nU)]EO

(0'00 > pr) 3.40

The overall representative strain of the laminate, i.e. the overall strain of the continuous part, &, in the

strain-hardening stage is therefore determined as Eq. 3.41.

_ SL,U _ 2WnThLO'OO - [(nT - nu)h + P]Tylkz

= 341
L Z[Wn’['h - Ph(nT - nu)]EoL

Ultimate failure of the continuous part occurs when the peak stress of the continuous part,

%ﬁnrn”) 0o, reaches the tensile strength of the material, gy, as shown in Figure 3.26 (¢). Using Eq.
T

3.41 and the [;, value, derived from Eq.3.39, the final strain-hardening part of the stress-strain curve can

wnr—P(nr—ny)

be plotted for a given remote average stress, 0o (To€ [O'yp, 00]). In addition, the secant

wnr

modulus of this final strain-hardening stage, Er, for a given stress oo, is determined from Efg = %"

2LEyo[wnrh — Ph(ny — ny)]
Eps = 5 3.42
2wnrhooL — [P + (np —ny)h]ty 1

Given the overall representative strain, &, shown in Eq.3.41, the corresponding tangent modulus, Ef, is
de

. . 1 .
determined using T T g s shown in Eq. 3.43.
ft ©0

wny — P(ny —nu)E

Efe = 0 3.43

wnr

which indicates the tangent modulus of the final strain-hardening stage is proportional to the volume

fraction of the continuous part in the RVE.

3.7 Parametric study of the tensile performance of UD laminates containing cut or perforated

plies (predicted by the refined analytical models)

The properties of the carbon fibre/epoxy material are summarized in Section 3.7.1. Parametric studies
on the impact of the geometric parameters on the tensile performance of the ‘cut-ply’ and ‘perforated

ply’ laminates, are presented in Section 3.7.2 and 3.7.3, respectively.
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3.7.1 Material

The aerospace grade M21/35%/198/T800S UD carbon fibre/epoxy prepregs produced by Hexply are
used in all analytical and the experimental tests described in the following chapters. This material
consists M21 toughened epoxy and Intermediate Modulus (IM) and high tensile strength grade of T800S
fibres, with a cured ply thickness of 0.184 mm. The mechanical properties of a UD cured ply laminate

are summarized in Table 3.1.

Table 3.1 Mechanical properties of UD cured ply M21/T800S laminates.

Elastic Tensile Interlaminar shear Mode 1II fracture Tensile failure
modulus strength strength (ILSS) toughness strain
E, [GPa] go [MPa] 7y, [MPa] Gric [KJ/m?] [%0]
160? 2900? 96° 1.7¢ 2.0°

* Measured from pristine UD 6-ply M21/T800S specimens manufactured according to the ASTM
D3039 standard [105].

® According to the manufacturer’s data sheets [106] [107].

¢ Determined from the tensile tests of UD 4- and 6-ply M21/T800S specimens containing a single cut
in the two central plies. The specimens were designed according to the ASTM D3039 standard [105].
The method to measure the mode II fracture toughness of a UD CFRP laminate was utilized in [35][37]
and [108].

3.7.2 Parametric study of the tensile response of UD laminates containing continuous cuts

A parametric analysis of UD laminates containing continuous cuts was performed using the mechanical
properties shown in Table 3.1. The impact of various geometric parameters, such as the platelet length,

L, the absolute and the ratio between the overall number of plies and the number of pristine or

continuous plies in the laminate, i.e. ny, ny and n—T, on the tensile performance, is shown in Figure 3.27.
U

Five types of geometries were selected and evaluated, and the predicted stress-strain curves are shown

in Figure 3.27.
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Figure 3.27 Tensile response of pseudo-ductile laminates containing ply cuts and various geometric

n
parameters of L, nr, Ny and —Z.
ny

A comparison of the performances of configurations 1 and 2, with different platelet lengths but the same
number of cut and pristine plies, indicates longer platelets provide less reduction of the stiffness in the
initial stage of the stress-strain curve. Giving the same yielding stress at 1216 MPa, a consequently

longer plateau stage is observed in the configuration with the longer platelets.

Configurations 2 and 3 have the same platelet length and the same ratio between the total number of
plies and the number of pristine plies, whilst configuration 3 possessing double thicknesses of each
block of the continuous and cut plies of those in configuration 2. The thicker configuration 3 gives a

29.3% lower pseudo-yield stress than that of the configuration 2 as the pseudo-yield stress is
1

JhT—ny

number of cut plies in a laminate. Configuration 2 and 3 also displayed great difference in the secant

proportional to the factor of (see Eq. 3.3), i.e. inversely proportional to the square root of the

stiffnesses of the initial and the final strain-hardening stages, due to the difference in the length and
evolution process of the stress transfer zones. The stiffness variation prior to and following the plateau
was not predicted by the simplified analytical model (shown in Section 3.2.1), which neglects the

development of the stress transfer zones.

Configurations 3 and 4 have the same number of pristine plies and the same platelet length, but

configuration 3 contains a higher number of cut plies. Configuration 4 therefore shows a greater loss of

98



stiffness in the initial stage and a lower final stiffness. Configuration 3 also has a lower pseudo-yield

stress (of 859.7 MPa), while the same ultimate strain as that of configuration 4.

Configurations 4 and 5 possess the same proportion of pristine and cut plies and the same platelet
lengths. However, the constituent block of continuous plies and the platelet in configuration 4 are twice
as thick as those in configuration 4. The thicker laminate exhibits a plateau stress of 1404 MPa and a
strain-hardening stage. However, the thinner configuration behaves differently, with a continued non-
linearity until ultimate failure, without any pseudo-yielding. The significant discrepancy in the tensile
behaviour of the thicker configuration 4 is because the peak stress in the continuous plies reaches the
critical failure stress, g, before the average tensile stress reaches the pseudo-yield stress required for
delamination. Therefore no delamination appears before the breakage of the uncut/pristine plies, i.e.
ultimate fracture. The variation in the tensile performance of the five configurations also indicates that

the pseudo-ductile performance is tailorable by adjusting the geometries of the ‘cut ply’ laminate.

3.7.3 Parametric study of the tensile response of UD laminates containing periodic perforations

In addition to the parameters studied for the ‘cut ply’ laminates, the tensile response of the ‘perforated
ply’ laminates is also influenced by the perforation length, P, and the width of the RVE, w. Figure 3.28
presents the predicted tensile performance of two selected perforated configurations, in comparison
with that of the same laminate containing continuous cuts. All selected laminates consist 4 plies in total,
with 2 middle plies containing periodic perforations or continuous cuts, i.e. ny and ny are 4 and 2,
respectively. The length of the perforated fibre bundles, L, is 10 mm. The selected perforation lengths,
P, are 5 mm and 0.8 mm, with the corresponding widths of the RVE, w, equal to 7.5 mm and 1.2 mm,
respectively. Note that the volume fractions of the continuous parts in the two perforated configurations

are both 66.7%.
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Figure 3.28 Analytical tensile stress-strain response of pseudo-ductile ‘perforated ply’ laminates with
the same total number of plies and the number of weakened plies and different perforation geometries

or continuous cuts.

Both perforated structures lose less stiffness in the initial loading stage than the ‘cut-ply’ one, mainly
due to the higher proportion of continuous parts, the longer perforation case exhibits only a slightly
higher stiffness. The yield stresses are also significantly higher in the perforated laminates, and the short
perforations produce a 14.2% higher yield stress than the long perforations. This indicates that the
perforation strategy gives a wider design scope for the tensile behaviour of the ply-weakened laminates.
The tangent stiffnesses at the end of the final strain-hardening stages are the same for the two perforated
scenarios. This is expected, as the two perforated cases have the same overall proportions of the
continuous fibres, according to Eq. 3.43. The difference in the stiffness of the initial stages of the two
‘perforated ply’ laminates, containing the same proportion of continuous part, is because of the variation

in the overall stress transfer zone area around the perforated fibre bundles.
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3.8 Conclusions

The potential to achieve pseudo-ductility in UD single type of carbon fibre/epoxy material
manufactured laminates using the ply weakening method, incorporated with or without partially

weakened interface, was investigated using the simplified analytical models.

The simplified models neglected the stress transfer zones between continuous and weakened plies. The
analyses indicated that a pseudo-yielding behaviour could be obtained with both ply weakening (using
either continuous cuts or perforations) and with continuous cuts (i.e. one of the ply weakening
approaches) in combination with interface weakening. In the cases of ply weakening, the simplified
models predicted a stress-strain response consisting an initial linear-elastic stage, an intermediate
plateau and a final linear-elastic stage. The addition of interface weakening resulted in two plateau
stages. The first plateau is associated with the weakened interface and the second with the weakened
ply. In addition, the simplified analytical model showed that the perforation strategy could give higher
pseudo-yield stress. The simplified models also indicated that the interface weakening provides no

significant benefit compared to using ply weakening only.

The ply weakening models were then refined by considering the shear stress transfer zones between the
continuous and weakened (i.e. discontinuous) parts. The refined models provided better representation
of the inter- and intra- laminar damage development process and the moduli variation of the
approximately-linear initial and final stain-hardening stages. The ‘cut ply’ and ‘perforated ply’
strategies are predicted to have the potential to achieve an initial stiffness that is not significantly less
than that of the constituent carbon fibre/epoxy material. In addition, the pseudo-ductile tensile
performance is determined by the UD laminate geometric parameters, such as the absolute and relative
thickness of the continuous and weakened plies, the perforation length and width of the RVE in
‘perforated ply’ laminates and the length of platelets in the ‘cut ply’ laminates. Moreover, the dominant
failure mechanisms promoting pseudo-ductility are delamination or intra- and inter-laminar debonding,
initiated by the cuts or perforations, respectively. The critical stress for debonding is determined by the
material mode II fracture toughness. Furthermore, for a given laminate, the ‘ply perforation’ strategy
has the potential to provide superior and a wider design scope for the potential pseudo-ductile tensile

response, compared to the ‘ply cut’ strategy.
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Chapter 4

Experimental investigation of pseudo-ductility in UD

laminates containing continuous cuts

4.1 Introduction

This chapter describes an experimental investigation of the potential to achieve pseudo-ductile
behaviour in UD laminates made of a single carbon fibre/epoxy material system by incorporating
continuous cuts in selected plies. The detailed fabrication process, the mechanical testing procedure and
the processes used to investigate the failure mechanisms are presented in Section 4.2. Section 4.3
presents the tensile behaviour achieved in static tensile tests on a range of configurations and the
comparison with the stress-strain response predicted form the simplified and refined analytical models,
described in Section 3.2.1 and Section 3.5, respectively. The damage mechanisms dominating the

tensile performance are also analysed. Finally, conclusions of this study are presented in Section 4.4.

4.2 Experimental details

This section presents the details of the manufacture, mechanical testing and failure investigation

methods used for seven cut-ply UD configurations.

4.2.1 Specimen types

Figure 4.1 shows the schematic side views of seven UD configurations.

Configurations (1) and (3) were designed to evaluate the effect of the ratio between the continuous and
cut plies on the tensile response for a single cut. Configurations (2) and (5) were used to investigate the
same effect in presence of distributed cuts. Configurations (3), (4) and (5) were designed to investigate
the effect of increasing the number of ply cuts on the tensile response. Configurations (6) and (7) were
designed to investigate the behaviour of laminates made of two sets of configurations (3) and (5),

respectively.
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Figure 4.1 Schematic side views of seven UD configurations containing cuts: (1) 4-ply specimen with cuts in the middle of free length of the 2 middle plies;

(2) 4-ply specimen with cuts in the 2 middle plies at 10 mm intervals throughout the free length; (3) 6-ply specimen with cuts in the centre of the free length

of the 2 middle plies; (4) 6-ply specimen with three sets of cuts at 10 mm intervals in the middle 2 plies (at the centre of the free length); (5) 6-ply specimen
with cuts in the 2 middle plies at10 mm spacing throughout the free length; (6) 12-ply specimen containing 2 sub-laminates each with the same ply cut pattern

as the configuration (3) and (7) 12-ply specimen containing 2 sub-laminates each with the same ply cut pattern as the configuration (5).
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4.2.2 Specimen fabrication

The specimens were manufactured with Hexply® M21/35%/198/T800S carbon fibre/epoxy prepregs.
Parallel edged specimens, with the dimension shown in Figure 4.2, were fabricated according to the
ASTM D3039 standard [105]. Bevel angles were implemented on the glass fibre/epoxy cross-ply end
tabs, to reduce the stress concentration in the continuous plies next to the tab edges. This resulted in a
free length of 138 mm. Figure 4.3 (a) shows schematically an example of the cutting patterns. In this
case, the prepreg contain continuous cuts at 10 mm intervals and will produce 10 specimens of

configuration 2 shown in Figure 4.2. The green lines show the outline of one specimen.

A CNC Genesis 2300 Blackman & White prepreg and textile cutting machine was used to cut the ply

cuts, the rectangular ply outline and the alignment holes, shown in Figure 4.3.

- 250 mm
T . 138 mm - T
) 120 mm ;
56 mm | [ 95 mm i |
s )
! 1 Speckle pattern Video extensometer target
Side view of the specimen: 2 mm :'-_____________!
‘ \ GFRP end tab with ol ‘Cut
! ! bevelled edge yv
le—>!

Fibre direction

Figure 4.2 Schematic top and side views of a UD specimen with the location of speckle pattern and
video extensometer target points and a schematic top view of an example cut ply containing

continuous cuts at 10 mm intervals throughout the free length.
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Figure 4.3 Schematic diagrams of the (a) cutting profile of a prepreg containing thirteen 10 mm apart continuous cuts used to manufacture configuration (2)

and (b) the alignment tool.
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Pins mounted on an aluminium layup plate were used to achieve good alignment of cuts in adjacent
plies during the layup process. These pins were mounted in the corresponding alignment holes in the
prepreg plies, as shown in Figure 4.3 (a) and (b). After debulking on a vacuum table, the steel pins were
removed and replaced with PTFE pins. The CFRP panel was then cured in an autoclave, using the
manufacturer’s specified cure cycle (180" at 7 bar for 120 minutes) [107]. End tab plates were
adhesively bonded to the cured panels. Specimens were cut from the panels using a CNC waterjet cutter.
The micrograph of a side view of a polished specimen, shown in Figure 4.4, indicates good alignment

of cuts with no delamination was achieved.

Figure 4.4 Good alignment of cuts in adjacent plies in cured panel showing no delamination.

4.2.3 Mechanical testing

4.2.3.1 Tensile tests to ultimate failure

At least five specimens were tested for each configuration up to ultimate failure. The tensile test was
conducted in a 250 kN Instron hydraulic-controlled 5985 loading machine. Specimens were held in
wedge type grips and loaded in tension with a displacement-controlled crosshead speed of 2 mm/min.
An Imetrum video extensometer was used to measure the global strain at a frequency of 10 Hz for
configuration (1) and 50 Hz for all other configurations, between target points set at 120 mm apart (i.e.
120 mm gauge length, as shown in Figure 4.2) prepared on specimen surface. The gauge length is
shorter than the free length to avoid any strain concentrations near the end tabs. The gauge length is 18
mm shorter than the free length, which means 9 mm long regions close to each tab is not monitored by
the video extensometer. The analytical tensile responses (predicted from the refined model shown in
section 3.5), that obtained from the free and gauge lengths of configurations (3) to (5), are shown in
Appendix 1. Results shown in Figure A-1 indicate that there is no significant differences between the

tensile response of the free and gauge lengths for the three configurations.

The commercial GOM ARAMIS DIC system was used to monitor the surface strain distribution for

one specimen of configuration (2) by tracking the movement of speckle pattern sprayed over a 95 mm
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length of the surface (see Figure 4.2). 3D images were acquired from two ARAMIS® 3D stereo cameras
with 6M pixel resolution and pixel size of 4.54 um. A facet (or subset) size of 17X 17 pixel and a 11pixel
overlap (or facet distance) were used to track the movement of speckle patterns. Strain maps were

captured with a frequency of 3Hz, using the DIC system.

4.2.3.2 Interrupted tensile test and failure mechanisms characterization

The interrupted tests with the loading-unloading-reloading cycles were used to investigate the failure
mechanisms of configurations (3), (4) and (5), i.e. 6-ply laminates containing a single, three and
multiple periodic cuts in the 2 middle plies. The load levels to pause the loading phase were determined
based on the full stress-strain curves, obtained from the tests performed to ultimate failure. After each
interruption, the specimen was removed from the loading machine and placed in a water tank of the
ultrasonic C-scan machine to inspect the damage development. A Triton 1700 TT® scanning machine
with a focused 10 MHz 15 mm diameter transducer was used. The scanning speed was 50 mm/s with a
step size of 0.5 mm. The specimen was then placed in oven to remove moisture, before continuing the
next loading cycle of the interrupted test, followed by a C-scan inspection using same scanning

parameters.

4.3 Results and discussion

4.3.1 Tensile performance of 4-ply configurations

The analytical tensile stress-strain responses predicted from the simplified and refined models and the
response obtained from the tests for the configurations (1) and (2), containing a single cut and multiple
periodic continuous cuts, are shown in Figure 4.5 (a) and (b), respectively. The measured data is
presented as discrete points to reveal the actual specimen behaviour during the static tensile loading
process. The experimentally measured and the refined analytical model predicted key mechanical

properties of the two configurations are summarized in Table 4.1 (at the end of this chapter).
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Figure 4.5 Experimental and analytical (predicted by the simplified and refined analytical models)

tensile stress-strain responses of 4-ply configurations (a) (1) and (b) (2).

Figure 4.5 (a) shows no significant difference in the tensile responses predicted from the simplified and
refined analytical models. The initial stage of the experimental curves is approximately linear and show
good agreement with the analytical predictions. However, the experimental data does not exhibit the
plateau predicted by the models. The experiments show a sudden drop in stress at a stress close to the
plateau stress predicted by the models. The sudden drop in stress is almost certainly due to unstable
delamination growth from the ply cut. Two specimens (specimens 3 and 4) after the initial stress drop,
exhibit a short almost-linear intermediate stress-strain curve followed by another stress drop. These
intermediate data points suggest that the sudden delamination growth after the initial stage did not
develop throughout the entire specimen gauge length, and a second unstable delamination growth
occurred at the end of the intermediate short stress-strain curve. No load drop was predicted in the
analytical models, as the interlaminar fracture toughness, G;;- was assumed as constant throughout the

specimen.

The predictions obtained from the simplified and refined analytical models (see Figure 4.5 (b)) for
configuration (2) show significant difference in the stiffnesses of the initial and the final strain-
hardening stages. The refined analytical model, which considers the evolution of the stress transfer
zones near the cuts, provides significantly improved agreement with the experimental results in the

initial and final strain-hardening stages. The initial approximately linear stages obtained from the tensile
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tests fit very well with that obtained from the refined model. The experimental results do not exhibit
the analytically predicted plateau, instead the curves show a series of stress drops separated by several
intermediate almost-linear stress-strain phases. The increase in the number of these intermediate phases
compared to that observed for configuration (1), suggests that delamination growth does not initiate
simultaneously from all cuts in configuration (2). Table 4.1 shows the average stress prior to the first
sudden damage propagation is 1.07% higher than the ‘plateau’ stress predicted by the models. All
specimens exhibit several intermediate almost-linear stress-strain phases, followed by further stress
drops. This presumably indicates that the delamination damage first occurs only at some of the cuts due
to a variation in toughness along the specimen. The non-linearity of these phases is due to the
progressive development of the stress transfer zones at different cuts. The stiffnesses of the

experimental final strain-hardening stages agree well with that predicted by the refined model.

For one configuration (2) specimen, a more detailed study of the evolution of the axial strain distribution
during the loading process was performed using the DIC results. The stress-strain curve is presented in
Figure 4.6 (a) with labelled initial approximately-linear, intermediate ‘plateau’ and strain-hardening
stages. The stain contour plots of a 95 mm gauge length region and axial strain distribution curves along
a common reference line for the selected stress levels in each of the three stages, are also presented in
Figure 4.6. Figure 4.6 (b) to (d) display the strain distribution for five stress levels in the initial stage.
Figure 4.6 (e) shows the strain distribution for four stress levels in the ‘plateau’ stage and Figure 4.6 (f)
for the last stress level in the ‘plateau’ stage and two stress levels in the strain-hardening stage. The ply
cut positions were indicated on each DIC strain contour plot and the axial strain distribution curve.
Figure 4.6 (c) and (d) compare the DIC measured and the analytically predicted (using the refined
analytical model shown in section 3.5) axial strain distribution for a representative 10 mm platelet, for
stress levels 1 to 5. Such comparison is also performed for stress levels 9 to 11 and included in Figure

4.6 (e) and (f), respectively.
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Figure 4.6 DIC strain contour plots and the corresponding axial strain distribution along a common

reference line at selected stress levels of the tensile response of a configuration (2) specimen.

At stress level 1 of the initial approximately-linear stage, the axial strain distribution is relatively

uniform throughout the gauge length (see Figure 4.6 (b)). Periodic strain distribution is observed at

stress levels 2 to 5, with the peak strains coinciding with the internal ply cut positions. Stress transfer
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zones are initiated from the ply cuts and are evident in the axial strain distributions. The strain and the

stress transfer zone lengths both increase with increasing remote tensile stress.

The evolution of the axial strain distribution during the initial stage of a 10 mm long platelet (highlighted
in Figure 4.6 (b)), together with the analytically predicted strain distributions are shown in Figure 4.6
(c) and (d). Except for Figure 4.6 (d), all analytically predicted distributions used the manufacturer’s
value of the interlaminar shear strength (ILSS) of 96 MPa. For Figure 4.6 (d), a reduced ILSS of 65
MPa was used in the analytical prediction. The results show that at the position considered in Figure
4.6 (c) and (d), a reasonable agreement is achieved between the predicted and experimental strain
distributions, when the manufacturer’s ILSS was used, but better agreement was obtained using the
reduced ILSS. (This suggests the accuracy of the analytical prediction could be improved by ‘tuning’
the ILSS.)

At stress level 5, the tensile response enters to the intermediate ‘plateau’ stage and a short yielding stage
appears between stress levels 5 and 6 (see Figure 4.6 (a)). The yielding is promoted by the onset of a
‘triangular’ delaminated area, initiated by the cut closest to the 60 mm axial position, as shown in the
DIC strain contour plot at stress level 6 (see Figure 4.6 (e)). Presumably, the fracture toughness of this
cut position is the lowest among the cuts in the gauge length. This delaminated area is associated with
a locally suddenly increased trough strain and an elongated peak strain region, where the strain is close

to the average of the peak strains at stress level 5 (shown as the blue dashed line in Figure 4.6 (b) and

(e)).

Stress level 6 is followed by a sudden stress drop. The delamination suddenly developed to a large area,
as shown in the strain contour plot and the strain distribution curve for stress level 7 (immediately after
the stress drop). Delamination continues to grow in the subsequent stress levels 8 and 9. From the stress
7 to stress 9, the peak and trough strains of the delaminated area all become close to the value of the
average peak strain at stress level 5 (i.e. at the end of the initial stage). Delamination is almost fully
developed throughout the gauge length at stress level 9. The axial strain distribution during this ‘plateau’

stage shows good agreement with the analytically predicted behaviour.

At stress level 9, the ‘plateau’ stage transfers to the final strain-hardening stage (see Figure 4.6 (a)). A
different strain scale (ranging from 1.3% to 1.8%) is used in Figure 4.6 (d) to distinguish the high and
low strain regions in the strain contour plots. The axial strain distribution plots at stress level 9 to level
11, are plotted in the same diagram (see Figure 4.6 (f)). From stress level 9, the axial strain of the gauge
length uniformly increases with the increasing tensile stress, as shown in the strain distribution curves.
The diagram also includes the analytically predicted strain distribution, using the refined analytical
model, in the gauge length at the three stress levels, for comparison. It is found that the experimental
and analytical strain levels are generally in good agreement, but the small troughs shown in the predicted
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curves are not captured in the DIC monitored data. Ultimate failure occurs when the axial strain at some

points reached the failure strain of carbon fibre, 2.0%.

4.3.2 Tensile performance of 6-ply configurations

The experimental and analytical (predicted by simplified and refined models) tensile responses of the
configurations (3), (4) and (5), which contain one cut, three cuts and thirteen cuts, respectively, are

shown in Figure 4.7 and key mechanical properties are summarized in Table 4.1.

For configuration (3), containing a single central cut, the stress-strain curve displays very similar
characteristics to that of configuration (1) and also shows a similar level of agreement with the

analytically predicted behaviours from both the simplified and refined models.

For configuration (4), containing three cuts spaced at 10 mm intervals in the centre of the free length,
the stress-strain plot is initially approximately-linear and then exhibits a sharp drop in stress, indicating
unstable damage propagation. Some of the plots then exhibit a short almost-linear stress-strain curve,
followed by a second sharp drop in stress. Finally, the stress-strain curves show a strain-hardening stage
before ultimate failure. The curves show generally good agreement with both analytically predicted
curves, but it can be seen that the stress precedimg the sudden damage propagation is slightly higher
than the ‘plateau’ stress predicted by the models. The specimens exhibiting a short intermediate almost
linear stress-strain curve, with the maximum stresses associated with the second phase of unstable
damage, which are higher than the stress associated with the first phase. This presumably indicates that
the damage first occurs at the weakest cut locations. For this configuration, the simplified and the
refined analytical models show equally good agreement with the experimental data. Some specimens

show higher stiffness of the strain-hardening stage than that predicted by the models.
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Figure 4.7 Analytical (predicted by the simplifed and refined analyticsal models) and experimental (measured by Imetrum video extensometer) tensile stress-

strain responses of 6-ply (a) configuration (3), (b) configuration (4) and (c) configuration (5).
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For configuration (5), containing cuts at 10 mm intervals throughout the specimen free length, the initial
stage of the stress-strain curves shows a greater degree of non-linearity than observed in configurations
(3) and (4). The refined analytical model shows better agreement with the experimental behaviour than
the simplified model. In the ‘plateau’ stage, the incidence of sudden stress drops is significantly reduced
compared to configurations (3) and (4). Some specimens exhibit a smooth transition between the initial
and the final strain-hardening stages without any stress drops. The final strain-hardening stage shows a
greater non-linearity than for configurations (3) and (4) and this is again predicted more accurately by

the refined analytical model.

The tensile stress-strain curves for the series of interrupted tests and the corresponding C-scan images
for a configuration (5) specimen, are presented in Figure 4.8. Delamination at the interface either above
or below the two middle cut plies results in complete attenuation of the incident ultrasonic signal, which
results in the white regions in the C-scan diagrams. (The strain gauge bonded to one surface also results
in complete attenuation of signal.) In the first interruption, the specimen was unloaded when the average
tensile stress just reaches the pseudo-yield stress level, at which delamination is predicted to begin. A
small area of delamination (at the upper right corner) and smaller delamination at several cut positions
are observed in the C-scan image. The second interrupted test was unloaded at a stress after a further
small loss in stiffness. The C-scan image related to the second interruption shows delamination was
initiated at cut positions presumably those with lower fracture toughness. With further increased remote
tensile stress, the existing delamination continue propagating non-uniformly and grow significantly at
some but not all cut positions (presumably those with lower fracture toughness) and further
delamination initiate at other cut positions, as shown in the C-scan diagram for interruption 3.
Delamination continue developing non-uniformly as the average stress is further increased, as shown
in the C-scan images for the later interrupted tests during the strain-hardening stage. The stress-strain
behaviour fits well with the predicted stress transfer zone evolution during the plateau and strain-
hardening stages, before the ultimate failure. Un-delaminated strips remain visible in the final C-scan
image. Such un-delaminated strips (and the randomly distributed un-delaminated spots) were predicted
by the refined model as the stress transfer zone in the middle of the platelet, as shown in Figure 3.21
(c). Note that delamination can occur on both sides of the two middle plies and delamination on either
side can result in the complete attenuation of signal, i.e. the formation of white area in the C-scan images.
Experimentally, delamination is not uniformly developed throughout the entire specimen, therefore the
overall area of the un-delaminated blue strips observed from the last interruption test, i.e. interruption

5, is less than expected.
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Figure 4.8 Tensile stress-strain curves (measured from 120 mm gauge length) and the corresponding

ultrasonic C-scan images (showing the back-wall signal attenuation) for a series of interrupted tests on

a 6-ply specimen containing thirteen cuts.

Comparing the experimental response of configurations (3), (4) and (5) containing increased number of

cuts in the two middle plies, it is found that:

Increased number of cuts provides higher reduction in stiffness during the initial stage in the
tensile stress-strain response. This is expected, as theoretically more cuts lead to higher
percentage of the overall length of stress transfer zones throughout the gauge length, therefore
higher overall extension at a given average tensile stress. The overall stress transfer zone area
for the 6-ply configuration containing 13 cuts at the end of the plateau is approximate 50.7% of
the free length, which is significantly higher than that of the same laminate containing a single
cut (3.9%). Therefore a more dramatic reduction of the modulus during the initial stage and
consequently a higher strain at the pseudo-yield stress, gy, for configurations with increased

number of cuts.

Shorter plateaux were observed in configurations with higher number of cuts and this
characteristic is predicted by the refined analytical model (see Figure 4.7). This is due to the
stress transfer zone development as described in Section 3.5.2. Configuration (3) can be
regarded as containing 2 platelets, each of 60 mm long in the 120 mm long gauge length.
Theoretically, the plateau stage terminates when the stress transfer zones, initiated at the central
cut just moved out of the ends of the gauge length. Configuration (4) can be regarded as
composed of two 10 mm and two 50 mm long platelets in the 120 mm gauge length. When the

115



stress transfer zones in the 10 mm platelets encounter at the mid-points, the stress transfer zones
in the 50 mm platelets will still be within the gauge length. The plateau in the stress-strain curve
therefore continue until the stress transfer zone length in the 50 mm platelets moves out of the
gauge length. In the case of configuration (5), composed only of 10 mm long platelets, the
plateau is the shortest because there is only a small distance that the two stress transfer zones

can travel within each platelet before they meet.

e More cuts give a higher secant modulus (measured from the zero-stress state) at the start of the
strain-hardening stage. While the tangent modulus at this portion becomes lower as the number
of cuts increases. This is because the overall area of the undelaminated strips formed at the end

of the plateau stage increases with the number of cuts.

e Comparing the tensile performance of configurations containing 13 cuts for the 4-ply and 6-ply
laminates, i.e. configurations (2) and (5). The change in yield stress and the change in plateau
length is predicted well by the refined analytical model (see Table 4.1). It is shown that
configuration (5), which contains higher number of pristine plies provides 15.46% higher
pseudo-yield stress and 73.85% higher strain range of the plateau stage than configuration (2)
(see Table 4.1).

4.3.3 Tensile performance of 12-ply configurations

The experimental and analytical stress-strain curves of the 12-ply configurations (6) and (7), composed

of two sub-laminates of configurations (3) and (5), respectively, are shown in Figure 4.9.
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Figure 4.9 Analytical (predicted by the simplified and refined analytical models) and experimental

(measured by Imetrum video extensometer) tensile responses of the 12-ply configurations (a) (6) and

(b) (1.

The simplified and refined analytical models used to predict the tensile response of the 12-ply
configurations are the same as those for the constituent 6-ply sub-laminates. Thereby the analytically
predicted tensile responses of configurations (6) and (7) (see Figure 4.9 (a) and (b)) are the same as
those for configurations (3) and (5), respectively (see Figure 4.7 (a) and (c)).

Configuration (6) contains a single cut position in each sublaminate. The reduction in stiffness of the
initial and the final strain-hardening stages due to the evolution of stress transfer zone near the cut is
negligible, therefore the tensile response predicted by the simplified and refined models are almost the
same (see Figure 4.9 (a)). A single load drop is observed before the onset of the final strain-hardening

stage in this thicker case, as was observed in the related 6-ply laminates (see Figure 4.7 (a)).

Configuration (7) contains cuts distributed at 10 mm intervals throughout the gauge length. The
development of stress transfer zones, which were initiated from each cut, resulted in more severe loss
in the stiffness in the initial stages. The effect of stress transfer zone on the tensile response is not
considered in the simplified model, therefore a significant discrepancy in the behaviour of the initial
stage is observed between the simplified and refined models predicted results. An intermediate plateau
stage appears at approximately 1471 MPa (about 5 % higher than the analytically predicted stress), with

small load drops. The plateau stage smoothly transforms into the final strain-hardening stage, due to the
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gradual reduction in length of the stress transfer zones. This behaviour was also accurately captured by
the refined analytical model. It can be seen that the overall tensile response predicted by the refined

model exhibits better agreement with the experimental results.

In comparison with configuration (6), containing a single cut in the axial direction, the dramatic load
drop is eliminated and instead a more progressive delamination process is achieved, as multiple
dispersed cuts are introduced in the free length. In addition, the good agreement of the tensile response
of the thinner (see Figure 4.7 (c)) and the thicker laminates (see Figure 4.9 (b)), implies pseudo-ductile
tensile performance can be successfully transferred to thicker ones, by stacking sets of those pseudo-

ductile thinner ones.

4.4 Conclusions

The concept of promoting pseudo-ductility in UD carbon fibre/epoxy materials using the ‘continuous
ply cuts’ approach, presented analytically in Chapter 3, has been validated experimentally. This chapter
presented the experimental results of the tensile response of UD laminates containing single and
multiple continuous cuts in selected plies. The tensile performance and failure mechanisms of laminates
containing different numbers of cuts and cut plies were compared. The experimental results were also
compared with the response predicted from the simplified and refined analytical models. The findings

are summarized below:

e For laminates containing a single continuous cut, the initial stage of the stress-strain response
was almost identical to that of a pristine laminate. The initial stage was followed with load

drops, due to the onset of unstable delamination and then a final strain-hardening stage.

e Laminates containing multiple continuous cuts exhibited a pseudo-ductile tensile behaviour.
The initial stage possessed a high initial stiffness (close to that of the pristine material) but the
stiffness reduces with the gradually increased load. This was followed by a relatively stable
intermediate ‘plateau’ stage containing minor or no load-drops, leading up to a smooth

transition to a final strain-hardening stage.

e The pseudo-ductility observed in the configurations with multiple lines of cuts is promoted by
progressive delamination initiated at different cut positions. The minor load drops in the
pseudo-ductile cases may be due to the toughness variation for cuts at different positions. The
improved pseudo-ductility of the configurations containing multiple cuts comes at the cost of a

loss of stiffness in the initial stage.
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For a given material system, the pseudo-ductile tensile response can be tailored by choosing
the absolute and relative thicknesses of the continuous and cut plies and the length of the

platelets.

The tensile responses predicted by the refined analytical model for the UD laminates containing

multiple lines of cuts, showed good agreement with the experimental results.

The pseudo-ductility observed in a UD laminate containing multiple ply cuts can be
successfully transferred to a thicker UD laminates made of several such cut-ply UD sub-

laminates.

The pseudo-ductile laminates achieved high initial stiffnesses of approximately 85% of the
stiffness of a baseline pristine UD laminate and high pseudo-yield stresses of 70% to 88% of

the ultimate failure strengths.

119



Table 4.1 Summary of the key analytical and experimental (for a 120 mm gauge length) mechanical properites of the seven types of UD laminates containing
ply cuts. (Coefficient of variation, in %, is given in the parentheses).

Specimen Type Initial modulus Pseudo-yield strain and stress Strain-hardening Pseudo-ductile strain Ultimate failure strain and stress
E,s [GPa] (yer @) * [%. MPa] modulus £ps 1% (€t Gu) *** [%, MPa)
Efs ** [GPa]
Anal. Exp. Anal. Exp. Anal. Exp. Anal. Exp. Anal. Exp.

(1) 4 ply-1 cut 159 148 (2.2%)  (0.77,1216)  (0.85, 1284) (4.7%, 0.6%) 73 91 (4.9%) 090  0.71(6.9%) (1.81, 1450) (1.74, 1461) (2.91%, 0.63%)
(2) 4 ply-13 cuts 148 136 (1.0%)  (0.93, 1216) (0.87,1229) (2.8%, 4.5%) 51 59 (18.8%) 0.81 0.63 (4.1%) (1.76, 1450) (1.68, 1392) (1.78%, 2.45%)

(3) 6 ply-1 cut 159 150 (2.3%)  (0.89, 1404) (0.91,1439) (1.1%, 2.4%) 107 120 (2.3%) 0.59  0.46 (9.6%) (1.81, 1933) (1.75, 1928) (2.79%, 3.53%)
(4) 6 ply-3 cuts 156 143 (2.8%)  (0.99, 1404) (0.99,1449) (4.1%, 3.7%) 109 114 (7.6%) 0.58  0.43 (4.1%) (1.81, 1993) (1.74, 1871) (2.38%, 2.52%)
(5) 6 ply-13 cuts 153 137 (1.2%)  (0.99, 1404)  (1.11, 1406) (0.8%, 2.0%) 103 112 (3.7%) 0.51 0.38(9.2%) (1.79, 1993) (1.83, 1999) (3.00%, 2.67%)
(6) 12 ply-1 cut 159 159 (3.4%) (0.89,1404)  (0.97, 1553) (2.1%, 2.2%) 107 117 (5.7%) 0.59  0.56(7.2%) (1.81, 1993) (1.76, 1910) (1.79%, 2.06%)
(7) 12 ply-13 cuts 153 138 (4.8%)  (0.99, 1404)  (1.07, 1471) (4.2%, 2.5%) 103 112 (4.6%) 0.51 0.40 (7.8%) (1.79, 1993) (1.75, 1937) (2.87%, 0.89%)

* For tensile stress-strain response containing unstable load drops immediately following the initial stage, the pseudo-yield point is determined as the point at

the onset of the first load drop.

** The analytical and experimental strain-hardening stage moduli for configurations (1) to (7) are determined as the chord moduli measured from the strain

range of [1.55%, 1.7%], for specimens failed at a strain greater than 1.7%; the moduli are measured from the strain ranges from 1.55% to the failure strain for

specimens failed prior to the strain of 1.7%.
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*** For tensile response containing load drops in the final strain-hardening stage, the ultimate failure point is determined as the maximum stress in this stage,

as shown in the attached schematic stress-strain diagrams (a) and (b).
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Chapter 5

Experimental investigation of pseudo-ductility in UD

laminates containing ply perforations

5.1 Introduction

The analytical modelling presented in Chapter 3 showed that UD laminates containing periodic
perforation patterns can provide pseudo-ductile tensile performance with higher moduli in the initial
and final strain-hardening stages, higher pseudo-yield stress and higher tensile strength, compared to
the same laminates containing continuous cuts. This chapter presents the experimental investigation of
UD laminates incorporating perforation patterns. Section 5.2 describes the details of the investigated
configurations, including the perforation geometries and distributions, the fabrication process, the
mechanical testing procedure and the methods used to investigate the failure mechanisms. Section 5.3
presents the experimental results, which are compared to the tensile performance predicted by the
refined analytical model (shown in Section 3.6). The conclusions of this study are summarized in

Section 5.4.

5.2 Experimental details

Static tensile tests based on the ASTM D3039 standard [105] were performed on straight-edged
specimens with the dimension shown in Figure 5.1. This section describes the details of the
configurations of the investigated UD perforated-ply laminates, the manufacture process, the

mechanical testing and failure process investigation methods.

5.2.1 Specimen types
Two groups of UD 4-ply configurations were investigated, each containing perforations in the central

two plies.

The first group of configurations consist a single line of perforations, perpendicular to the fibre direction
and in the middle of the free length, as schematically shown in Figure 5.1. Five perforation lengths of

50 um, 250 um, 500 wm, 800 um and 5000 um were investigated. One configuration containing a
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single continuous cut was also tested for comparison. These configurations are denoted by a prefix ‘S-’
in Table 5.1. Each line of the periodic perforations was positioned centrally within the width of a
specimen to prevent premature edge fibre splitting during the tests. In all the ‘S’ configurations, except
‘S-800°, the edge distance is equal to half the spacing between adjacent perforations (i.e. the specimen
contains an integer number of unit cells), as shown in Figure 5.2. In the case of ‘S-800° (and also in the
‘M-800’ configuration described later) the edge distance is 500 um (rather than 300 um, which would

be the edge distance if the specimen width was modified to contain an integer number of unit cells).

The second group of configurations consist multiple lines of perforations placed at 10 mm intervals in
the axial direction, as shown in Figure 5.1. The perforation pattern in the two middle plies is the same.
This results in the formation of 10 mm long fibre bundles in the axial direction of each perforated ply.
The three configurations investigated are denoted by ‘M-800°, ‘M-5000" and ‘M-Continuous cuts’ (see
Table 5.1), and the geometry of each line of perforations is the same as that described for the
corresponding configuration containing the ‘S-’ pattern perforations. A UD configuration containing

multiple continuous cuts was investigated for comparison.

250 mm

138 mm -y

120 mm .
|

| 95 mm

(a) Top view of a specimen:

(b) Side view:

(c) Top view of a ply with multiple lines
of perforations (at 10 mm intervals) :

(d) Top view of a ply with a single line
of perforations:

Figure 5.1 Schematic (a) top and (b) side view of a UD tensile specimen containing lines of
perforations at 10 mm intervals, (c) the top views of a middle perforated ply in this specimen and (d)

top view of a perforated ply containing a single line of perforations in the middle of the gauge length.
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15mm n perforations

Unit cell of
width w

, 15—P—(n—Dw
________ Edge distance=—"_—"—

2
(except for ‘S-800”)

Figure 5.2 Schematic of the geometry of a line of perforations relative to a 15 mm wide specimen.

The first group of configurations were designed to evaluate the effect of increasing perforation length
on the tensile response of UD laminates, containing a single line of perforations. The second group of
configurations were designed to evaluate the effect of increasing perforation length on the tensile
response of UD laminates, containing multiple lines of perforations. A comparison of ‘S-800” with ‘M-
800’, as well as ‘S-5000" with ‘M-5000’, would provide an insight into how increasing the number of

lines of perforations can affect the specimen behaviour.
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Table 5.1 Geometry of (I) UD configurations containing a single line of perforations and (II) UD configurations containing periodic lines of perforations.

Configuration Group [ Group 11
€] 2 3 “ &) (6) (7 ®) 9
Nomination S-Continuous cut ~ S-50  S-250  S-500  S-800  S-5000 M-Continuous cut M-5000 M-800
Perforation length, P [um] - 50 250 500 800 5000 - 5000 800
Pitch length, W [um] - 75 375 750 1200 7500 - 7500 1200
Perforation to pitch length ratio, P/W - 4 4 4 E E - E E
3 3 3 3
Number of perforations per line, n - 200 40 20 12 2 - 2 12
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5.2.2 Specimen fabrication

The specimens were manufactured with Hexply® M21/35%/198/T800S carbon fibre/epoxy prepregs.
In this case, perforations and the ply alignment holes were introduced in the prepregs using a CNC
Oxford® A series/Compact laser micromachining machine, which can achieve sub-micron level control
of dimensions. The laser machine working principle can be referred to [109]. The quality and geometry
of the perforation is determined by the interplay of the power, the number of passes, the moving speed,
the distance between the focusing lens and the prepreg milling surface, and the thermal properties of
the fibres and matrix in the prepreg. Heat affected zones in the epoxy can be identified near the
perforations [110]. These zones were minimized by adjusting the laser milling parameters. Preliminary
research of the laser milling parameters was performed to ensure the prepreg would be completely cut
through without excessive resin burning because of accumulated heat, and to achieve accurate
perforation lengths within +5um on the front and back surfaces of the 184 um thick prepreg used here.
Using these parameter values, the width of the laser-milled perforations (in the fibre direction) in the
M21/T800S carbon fibre/epoxy prepreg was 12 to 15 um (measured with an optical microscope). An

example set of the resulting laser milling parameters are shown in Appendix 2.

The laser working bench was uniformly covered with a layer of double-sided tape. The backing paper
side of a layer of prepreg was then fixed onto the tape layer. During this process, the prepreg was kept
flat and any air bubbles between the tape and the backing paper were driven out. The release film on

the top side of the prepreg was then peeled off and the prepreg could then be cut with the laser.

An example of a cutting pattern containing perforation lines and alignment holes is shown in Figure 5.3.
After the laser milling is completed, the prepreg is removed from the working bench by carefully peeling
off the backing paper from the adhesive tape while avoiding distortion of the perforations. Alignment
holes were also introduced into prepregs used as the pristine plies of the specimens, i.e. without

perforation pattern.

The laser-milled prepregs were laid up using the alignment tools that were described in Section 4.2.2
(see Figure 4.3 (b)) to maintain good alignment of perforations in adjacent perforated plies during the
subsequent manufacture process. The panel was debulked and then cured in an autoclave using the
manufacturer-specified curing cycle [107]. Cross-ply glass fibre/epoxy end tab plates with bevel edges
to reduce the stress concentration in the continuous plies next to the tab edges were adhesively bonded
to the tabbing region of the CFRP panel, giving a free length of 138 mm (see Figure 5.1). Specimens
were cut from the panels using a CNC waterjet cutter. The integrity of specimens was inspected using

the Ultrasonic C-scan machine.
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Figure 5.3 Schematic of an example perforation pattern (shown in blue) in a prepreg used to
manufacture ten specimens of M-5000 configuration and the outlines of specimens (shown in black)

used to separate specimens from the panel.

The X-ray computed tomograms of a specimen shown in Figure 5.4 confirm that the fabrication process

achieved accurate perforation length and good alignment of the perforations in adjacent plies.

Figure 5.4 X-ray CT images of three sectional planes (A), (B) and (C) of a partially tested 4-ply UD
specimen containing S-800 perforation pattern, showing the quality of periodic 800 pm long

perforations and well-aligned perforations in the two middle plies.
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5.2.3 Mechanical testing

5.2.3.1 Tensile test to ultimate failure

At least five specimens were tested for each configuration up to ultimate failure. The static tensile tests
were performed on a 250 kN Instron hydraulic-controlled loading machine. Specimens were held in

wedge type grips and loaded in tension with a displacement-controlled crosshead speed of 2 mm/min.

An Imetrum video extensometer was used to measure the global strain at a frequency of 50 Hz, between
the target points set at a gauge length of 120 mm on specimen surface (see Figure 5.1). The gauge length
is shorter than the free length in order to avoid the influence from potential strain concentration near
the end tabs. The GOM® Digital Image Correlation (DIC) system was used to monitor the strain
distribution, by tracking the speckle pattern sprayed on the same surface ply. 3D images were acquired
at a frequency of 3 Hz by two ARAMIS® 3D stereo cameras with 6-mega pixel resolution and a pixel

size of 4.54 um. The subset/facet size used was 19 x19 pixel, and the facet distance was 13 pixel.

5.2.3.2 Interrupted tensile test and failure mechanisms characterization

Interrupted tensile tests were performed to investigate the failure mechanisms and damage development
processes. The loading was paused and reversed when the synchronized DIC strain maps indicated the
interlaminar delamination had partially developed in the gauge length. The specimens were then
removed from the Instron machine for damage characterization, performed using an optical microscope
and an X-ray CT scanning machine. The resolution of the X-ray CT scanning machine is dependent on
the scanning volume. For the specimens examined, the voxel resolution was 12.6 um in the x, y and z
directions. VG studio MAX 2.2 6.64 bit X-ray CT post-processing software was used to analyse the X-

ray CT scanning results.

5.3 Results and discussion

5.3.1 Laminates with a single line of perforations

The experimental and analytical stress-strain curves for configurations (1) to (6), which contain a single
cut (configuration (1)) or a single line of perforations, are shown in Figure 5.5 (a) to (f). The analytical
tensile responses predicted from the refined model (shown in Section 3.6), are also presented in each
diagram. The analytical models predict the tensile response over the 138 mm specimen free length (see
Figure 5.1). In the experiment, the overall strain was measured using a video extensometer, monitoring
the extension over a gauge length of 120 mm, which is shorter than the specimen free length. The

analytically predicted response shows very little difference when the strain was calculated using this
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shorter gauge length rather than the free length. The measured data is presented as discrete points to

reveal the actual specimen behaviour during the tensile loading process.

Each of the stress-strain diagrams shown in Figure 5.5 and Figure 5.6 includes seven reference lines to

assist the interpretation of the experimentally observed behaviour. The seven reference lines denote:
e The tensile modulus, E, (shown in brown), of a pristine UD baseline laminate;

e The theoretical pseudo-yield stress, g, (shown in light blue), for the onset and propagation of

delamination in a specimen containing a single continuous cut, i.e. configuration 1;

e The tensile modulus of a 4-ply laminate in which the two central plies have fully delaminated

from the outer plies, %E o (shown in red);

e The theoretical pseudo-yield stress, gy, (in dark blue), for the onset and propagation of bundle

debonding in the perforated configurations, i.e. configuration (2) to (6), shown in dark blue

(Section 3.3.1);

e The tensile modulus of the perforated configurations, assuming complete debonding of the
bundles. For configurations (2) to (4) and (6), this tensile modulus is §E0 and for configuration

(5), this tensile modulus is 68.7% E,(shown in yellow);

e The theoretical stress, %O’O (shown in black), to cause net section failure in the cut ply

configuration, i.e. in configuration (1), assuming no stress concentration due to the presence of

the cut.

o The theoretical stress to cause net section failure in the perforated ply configurations (shown in
. . . .. 2
purple), assuming no stress concentration due to the presence of the perforations. This is 300

for configurations (2) to (4) and (6), and 68.7% o, for configuration (5).

Figure 5.5 shows experimental results and analytical predictions and Figure 5.6 shows only the
experimental results. Key mechanical properties extracted from the experimental and the refined

model predictions for all six configurations are presented in Table 5.2.
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Figure 5.6 Experimental tensile stress-strain curves of UD 4-ply configurations containing a single line of (a) S-Continuous cut and (b) S-50, (c) S-250, (d) S-

500, (e) S-800 and (f) S-5000 perforation patterns, respectively.
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Table 5.2 Key tensile properties of UD 4-ply laminates containing a single line of continuous cut and perforations of various lengths. (Coefficient of variation,
in %, is given in the parentheses.)

Specimen Initial modulus Pseudo-yield point/Upper point ~ Lower point at first load  Stress drop amount Strain-hardening Ultimate failure point
Type at first load drop drop modulus
E;; [GPa] o, [MPa] (wats Oute) *** [%, MPa]
(g4, 0,)* [%, MPa] (g1, 07) [%, MPa] Epe ** [GPa]
Anal. Exp. Anal. Exp. Anal. Exp. Anal. Exp. Anal. Exp. Anal. Exp.
(1) S-cut  158.6 153 (0.77, 1216) (0.81, 1284) --- (0.80, 969) --- 356 80 82 (5.78%) (1.81, 1440) (1.74, 1461)
(3.30%) (0.81%, 0.61%) (2.19%, 1.84%) (21.44%) (3.04%, 0.57%)
(2) S-50 159.2 154 --- (0.82, 1294) --- (0.88, 865) - 386 - 98 (7.97%) (1.22,1933) (1.67, 1501)
(1.35%) (3.62%, 4.75%) (5.22%, 6.31%) (2.48%) (5.48%, 4.53%)
(3) S-250  159.1 154 -—- (1.22,1930) - (1.29, 1174) - 770 - 89 (1.23,1933) (1.76, 1499)
(3.35%) (1.14%, 1.11%) (2.14%, 2.65%) (2.89%) (23.22%) (10.4%, 15.4%)
(4) S-500  158.8 153 (1.19, 1849) (1.28, 1932) - (1.34,1322) - 610 107 95 (1.80, 1933) (1.66, 1533)
(1.70%) (5.21%, 1.39%) (3.09%, 4.47%) (11.88%) (14.86%) (1.98%, 0.11%)
(5) S-800  158.6 153 (1.09, 1696) (1.20, 1893) - (1.20, 1764) - 129 103 89 (1.81, 1933) (1.66, 1663)
(2.81%) (5.93%, 3.54%) (5.21%, 7.98%) (78.3%) (16.26%) (5.06%, 4.53%)
(6) S-5000 158.0 153 (0.94, 1454) (1.00, 1564) - (1.20,1850) - 61 101 106 (1.81,1933) (1.70, 1745)
(5.88%) (4.48%, 2.89%) (2.54%, 3.92%) (43.82%) (22.13%) (5.91%, 5.27%)

* For tensile stress-strain response containing unstable load drops immediately following the initial stage, the pseudo-yield point is determined as the point at

the onset of the first load drop.

** For the analytical and experimental tensile responses without significant load drop close to failure, the ultimate failure point is defined as the point with the
maximum stress; For experimental tensile responses with load drop(s) close to failure, the ultimate failure point is taken as the first point that is followed by a
stress drop with more than 15% reduction in stress.
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*** The analytical and experimental strain-hardening stage moduli are taken as the chord moduli defined by ultimate failure point and the point with 200u¢e
lower strain, if no load drop appears in the strain-hardening stage; For the experimental tensile responses containing load drops in that 200 ue strain range, the
modulus is defined between the point immediately following the load drop and the ultimate failure point (as shown in the example stress-strain diagram

below).

Stress [MPa]

v

Strain [%o]
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5.3.1.1 Configuration (1): a single continuous cut

The experimental and analytical tensile responses of configurations (1), which contains a single
continuous cut in the two middle plies have been presented and analysed in Chapter 4 are shown in
Figure 5.5 (a). The experimental results (without analytical curve) are shown in Figure 5.6 (a)) for
clarity. The experimental stiffness of the initial stage shows good correlation with that predicted by the
refined model. The stiffness of the initial stage is close to that of a pristine baseline material, i.e. has a
modulus close to Ey, indicating the evolution of stress transfer zones initiated from the central cut causes
no significant stiffness reduction. Sudden drops in stress are observed and initially occur at stresses,
which are in close agreement with the analytically predicted pseudo-yield stress. The stress at which
the stress drops occur is 5.5% (on average) higher than the predicted pseudo-yield stress (see Table 5.2).
These stress drops are attributed to the catastrophic unstable mode II delamination at the interfaces

above and below the two central plies. The average stiffness of the final almost-linear strain-hardening
stage is slightly higher than %E o, indicating the two middle plies are largely but not completely
delaminated from the two outer continuous plies. The ultimate fracture stresses show good agreement

. 1 . . .
with 5 005 the theoretical stress to cause net section failure.

5.3.1.2 Configuration (2): a single line of ‘S-50’ perforations

The tensile response of configuration (2) containing the shortest of 50 pm length perforations, is shown
in Figure 5.5 (b) and Figure 5.6 (b). The experimental tensile response (see Figure 5.6 (b)) closely
resembles that of configuration (1). The slope of the initial stage shows good agreement with the
analytical prediction and the E, reference line. This agreement indicates that the stress transfer zones
initiated from the perforations have no significant influence on the initial stage. A catastrophic load
drop appeared at an average stress of 1253 MPa. The stress at the load drop is over three times lower
than the analytically predicted stress, gy, of 4059 MPa (calculated from Eq. 3.8 in Section 3.3.1), at

the onset of debonding of the fibre bundles from these 50 um perforations. Of course, such a high stress
could never be reached by this material, since the net-section failure stress (i.e. gao, equivalent to 1933

MPa) is much lower than the analytical o,,,,. The stress at the load drop is close to the stress observed
at the onset of delamination in configuration (1). This suggests that the perforation line acts like a
continuous cut, which requires the continuous fibres between the perforations to have broken prior to
the load drop. This is confirmed in the microscopic and SEM photograph, in Figure 5.7 (a) and (b),
which show that the fractures for most of the fibres in the unperforated bundles, almost coincide with
the perforated planes. The cusps visible on the surface of the delaminated perforated plies (see Figure

5.7 (c)) in the regions of discontinuous and continuous fibre bundles confirm that the delamination is
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dominated by mode II [111], as expected, and that failure of the perforated bundles occur before the
delamination process. The continuous fibres in the perforated plies fail at a stress lower than the stress

to propagate delamination growth from a continuous cut and this delamination stress is much less than
the stress predicted to cause net-section failure (2 0y). There are two possibilities to account for the

failure stress of the continuous fibres in the perforated plies. Either the fibres in the unperforated regions
adjacent to the laser perforated regions may have been damaged by the laser milling process or the

perforations cause a significant stress concentration in the unperforated region.

Broken unperforated fibres Fibre missing

Ply1 |

Ply24§

(]
50.0um

10.0kV 30.7mm x190 SE

Laser perforated fibre bundles

b ©)

Figure 5.7 (a) Optical microscopic image of the top view and SEM topographs of (b) the cross-section
of the two middle perforated plies with well-aligned 50 pm perforated fibre bundles and (c) the top
view of a perforated ply, showing the typical matrix ‘cusps’ formed by interlaminar shearing, in a

tested ‘S-50 specimen.

For specimens (2) and (3), the load drop is followed by an intermediate short almost-linear stage with
an average stiffness close to 3 Ey. This is because delamination initiated from the almost continuous cut

developed unsymmetrically towards one of the two tabs. This intermediate load drop is followed by
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another load drop, where delamination is developed towards the other tab. For the other specimens, the
stress at the end of initial stage immediately dropped to the final strain-hardening stage, as delamination

was propagated ideally towards both tabs.

The average stiffness and ultimate failure stress of the final strain-hardening stage of configuration (2)
are both higher than those of configuration (1) (See Table 5.2). This is attributed to the continuous fibre
bundles in the two perforated plies were not completely failed before the load drop. It is confirmed by
the cross-sectional SEM image shown in Figure 5.7 (b), which indicates the delamination propagated

inside the top perforated ply.

5.3.1.3 Configuration (3): a single line of ‘S-250’ perforations

The experimental and analytical tensile responses of configurations (3), which contains a line of 250
um perforations in the two middle plies are shown in Figure 5.5 (¢). The experimental results (without
analytical curve) are shown in Figure 5.6 (c)). The experimental stiffness of the initial stage shows good

correlation with that predicted by the refined model, and both present negligible reduction in stiffness.

The analytical pseudo-yield stress, gy, (of approximately 2207 MPa) for debonding of the perforated

fibre bundles in this case is still higher than the predicted stress for net section tensile failure, gao. The

predicted tensile response therefore shows ultimate failure at 500 1.€. complete failure at the net section

(and no debonding around the perforated fibre bundles). Figure 5.8 shows the strain contour plots and
the axial strain distribution plots along two longitudinal section lines (captured by the DIC system) for
selected load levels of specimen (4), shown in Figure 5.6 (c). The strain distribution plots contain three
reference lines to assist the damage mode analysis. The reference lines are related to the theoretical

strains at a specific load, P;, and are calculated as follows:

e Assuming the load is carried by the full specimen cross section, i.e. € = t, where A is the
0

gross cross-sectional area of the specimen,;

3P; |
2AEy’

e Assuming the load is carried only by the unperforated parts, i.e. € =

: . . . L 2P;
e Assuming the load is only carried by the outer continuous plies, i.e. € = i.
0

Strain contour plots at loads P; and P, indicate that the stress transfer zones have been initiated from
the perforation line and developed about Smm towards each end. At load level P3, just prior to the load

drop in the load-time response, the corresponding axial strain plot shows the peak strains measured
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from the two positions across the specimen width both appear at the perforated lines. The peak strains

zipg (i.e. 1.83%). The distribution of strain outside
0

are both close to the reference strain for debonding,

of the stress transfer zone shows good agreement with the reference strain of ;% (i.e. 1.22%), indicating
]

no damages exists in these regions. Immediately after P, the load suddenly drops to P, and it can be
seen from Figure 5.6 (c) that this drop occurs close to the net section failure stress of % 0y. The enlarged

view in Figure 5.8 of the specimen edge at load level P,, shows that the interior plies have failed at the
perforation line, and have delaminated and displaced laterally, so that they appear outside of the original
specimen edge. The approximately 1.67 mm gap, that has opened up at the perforation line, also

indicates significant delamination of the perforated plies has occurred. The strain distribution curves at
this load level show good agreement with the predicted reference strain for delamination, z—};; (i.e.
1.51%). This confirms that the specimen has delaminated in the 50 mm long DIC monitored region.
However, the overall strain at this load level is 1.29% (see Figure 5.6 (¢)) and this may suggest that
roughly 70% of the gauge length is delaminated (and exhibiting a strain of 1.51%) and the rest of the
gauge length is non-delaminated, and associates with an average axial strain of 0.75%. The stress-strain
curve for specimen (4) in Figure 5.6 (c) shows a drop when the stress reaches gy, (i.e. the theoretical
stress for delamination growth) and the slope of the curve in the subsequent stage is very close to the
reference of %Eo. Other specimens do not show this characteristic and remain with a high stiffness
throughout the strain-hardening stage. These stiffer strain-hardening stages may be because of some

continuous fibres in the perforated plies remained intact after the onset of load drop (i.e. the

delamination growth in some places is not at the interface between the outer and inner plies but partially
within the inner plies). This would also account for the strengths of these specimens exceeding %00.

The strain contour plot also shows a minor surface ply splitting. At a higher load level for specimen (4),

for example Py in the final strain-hardening stage (see Figure 5.8), the experimental strain distribution

. . . . . . 2Ps .
continues to show good correlation with the reference strain for delamination, ﬁ (i.e. 1.84%), although
0

it is now accompanied with some edge fibre breakage, indicating the specimen is close to net section
failure. The corresponding strain distribution curve shows some localized strains exceeded 2% (see
Figure 5.8), close to the strain-to-failure of the fibres, at this point. At load level Py, a wide strip of
continuous plies has failed, resulting in another significant drop in the stress-strain curve before ultimate

failure (see Figure 5.6 (c)).

Specimen (3) behaves quite differently compared to the other specimens of this configuration (see

Figure 5.6 (c)). After the significant load drop, the elastic modulus was much less than %EO. This is
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because of the failure of a strip (of about 3 mm wide) of outer continuous plies in addition to the failure

that occurred in the perforated plies.
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Figure 5.8 Tensile load-time diagram of specimen (4) of configuration (3) and the DIC contour plots of the 50 mm long middle part of the gauge length at

seven load levels and the axial strain distribution along two section lines for P, P, and Ps (different strain colour scale is used for Ps to P5).
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5.3.1.4 Configuration (4): a single line of ‘S-500’ perforations

The analytical tensile response of configuration (4) (see Figure 5.5 (d)) consists an initial almost-linear
stage with negligible stiffness reduction, an intermediate plateau at a pseudo-yield stresses, gy, of 1849

MPa and a short final strain-hardening stage, prior to ultimate failure at the net section failure stress of
%00, i.e. 1933 MPa. Note that gy, and g 0y are very close in this configuration. Experimentally, shorter
plateaux, as shown in Figure 5.6 (d), were obtained after the stress exceeded the analytical o,,,, and just
reached the net section failure stress, 200. These short plateaux are followed by a significant load drop.
For specimens (1) to (4), the final strain-hardening stages have an average stiffness lying approximately

mid-way between %E o and 2 E, (see Figure 5.6 (d) and Table 5.2) and ultimate failure occurred at an

average stress of 1533 MPa, which is 5.7% higher than the reference % 0p.

Figure 5.9 shows the load-time diagram of specimen (5), shown in Figure 5.5 (d) and Figure 5.6 (d).
The DIC strain contour plots and axial strain distribution plots along two section lines for six selected
load levels P; to Pg are also presented to assist the damage mode analysis. The strain contour plots and
strain distribution curves for load levels P; and P, indicate the stress transfer zones have developed
from the perforation line, with a peak strain value of about 1.5 times the average strain in the rest of the
gauge length. At load level P,, which is close to the load for net section failure and just before the load
drop, the stress transfer zone has developed to about 20 mm long. The peak strain along section line 1
exceeded 2.1%, leading to the breakage of some continuous fibres and this loss of fibres would be

expected to give rise to strains at the net section and outside of the stress transfer zone, which were

°2_ and = references, i.e. 1.84% and 1.23% respectively, as can be seen in Figure

higher than the
24E, AE,

5.9. Immediately after load level P,, there is a sudden load drop, which arrests at P;. The strains along
the two section lines at P; indicate that debonding around the perforated fibre bundles appears to have
developed throughout the DIC monitored region and that an additional region of delamination (between

the continuous and perforated plies) has developed from the perforation line. The strain magnitudes

. 3P
remote from, and at the perforation line, are close to the values of ZA;

2P, .
and =, respectively, but are
) AE

slightly higher, presumably due to the fibre breakage, which is visible in the DIC image. The process
of delamination indicates the breakage of some of continuous fibre bundles in the perforated plies at
the perforation line. Another significant load drop to P, resulted in the further propagation of
delamination throughout the entire free length, as shown in the strain distribution plot for this load.

Severe continuous fibre breakage occurred on loading from P, to Ps, resulting in the axial strain along

both section lines to be even higher than the reference value of %, i.e. 1.48%. Beyond Ps, further fibre
0

failure resulted in more minor load drops and final failure. Specimens (1) to (4) show a different failure
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curve with a stiffness in the strain-hardening phase, which is significantly higher than that of specimen
(5) and lying between % Eqy and g E,. It is likely that this is associated with the propagation of debonding,

accompanied by some fibre breakage and incomplete delamination growth.
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5.3.1.5 Configuration (5): a single line of ‘S-800° perforations

In the specimens of configuration (5), the non-perforated section is approximately 68.7% of the gross
cross section and the reference lines in Figure 5.5 (e) and Figure 5.6 (e) were adjusted accordingly. The
analytical tensile response of configuration (5) (see Figure 5.5 (e)) consists an initial almost-linear stage
with negligible stiffness reduction, an intermediate plateau at a pseudo-yield stress, gy, of 1696 MPa
and a final strain-hardening stage, prior to ultimate failure at 1932 MPa, i.e. 68.7%a,. This
configuration has lower analytical pseudo-yield stress compared to configuration (4) and therefore

exhibits a shorter plateau.

Experimentally, the initial stiffness shows good agreement with the analytically predicted value, but the
intermediate plateau was not observed. Instead, the initial stage continued beyond the predicted pseudo-
yield stress, gy, with specimens (2) and (4) even reaching the reference net section failure strength of
68.7%0,. A yielding-like behaviour with a reduction in stiffness was observed at the end of the initial
stage, which is immediately followed by different numbers of load drops of varying magnitude. The
tensile performance after the initial load drop consists of a series of re-loading and load drop stages
with a significant variation between the individual specimens. The average stiffness of the final strain-
hardening stages is 107 GPa with a very high coefficient of variation (CoV) of 16.24% (with the strain-
hardening stage stiffness defined in Table 5.2). Ultimate failure appears at a stress of approximate 1662

MPa (with a CoV of 4.53%), i.e. 16.26% lower than the analytically predicted strength.

Figure 5.10 presents the strain contour plots for specimen (3) at selected load levels shown on the load-
time curve. The axial strain distribution along two section lines for load levels P,, P3, P,, P P; and Pg
are also presented to help analyse the damage modes. Stress transfer zones initiated from the line of
perforations can be observed from the first two strain contour plots. The peak strain of the perforated
position at load P, (at the peak load of the load-time curve), is about 1.5 times that of the unperforated
region (for both section lines) as expected. Minor breakage of fibres along the specimen bottom edge
(indicated as the loss of target points in the DIC monitored area), appeared at the small load drop
between P;and P,. The peak load, P,, is followed by a small reduction in load, where an expansion of

the stress transfer zone width is observed along the section line 1 and the peak strain values are close to

3P,
24E,

(i.e. 1.71%). This indicated that debonding has propagated along this section line. However, the

stress transfer zone width is smaller for section line 2, which suggests the debonding growth is non-
uniform over the width of the specimen. The debonding continues to propagate axially along the
perforated fibre bundles up to load level P,, which is just prior to a significant load drop. After the load
drop, debonding gradually developed throughout the left part of the specimen, as shown in the strain
contour plots and strain curves for load levels Ps, Pgand P,. This debonding was accompanied by more

fibre breakage on the surface continuous plies and on the specimen edges. At these load levels, strains
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. : e .. 3P
of the debonded region are about 1.5 times those of the pristine region, i.e. ﬁ, as expected. At load
0

level Py, a wide strip of the continuous ply failed and complete failure occurred shortly after.
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Figure 5.10 DIC images and strain distribution along two sectional lines at selected load levels for specimen (3) of configuration (5), i.e. ‘S-800°.
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5.3.1.6 Configuration (6): a single line of ‘S-5000’ perforations

The analytical tensile response of configuration (6) (see Figure 5.5 (f)) consists an initial almost-linear

stage with negligible stiffness reduction, an intermediate plateau at a pseudo-yield stresses, gy, of 1454

MPa, and a final strain-hardening stage, with a final slope very close to %E o and an ultimate strength of

200. This configuration gives a lower analytical pseudo-yield stress compared to configuration (5) and

therefore exhibits a shorter plateau.

Experimentally, the initial stiffnesses of all specimens show good agreement with the analytically

predicted value. After the tensile stress exceeded the analytical pseudo-yield stress, multiple load drops
and re-loading stages with gradually reduced stiffness that lie between the E, and %EO reference lines

were observed from specimens (2), (4) and (5), before entering to the final strain-hardening stage, which
shows good agreement with the analytically predicted strain-hardening stiffness (see Figure 5.6 (f) and

Table 5.2). Specimens (1) and (3) show very low stiffness in the final strain-hardening stage.

Figure 5.11 presents the strain contour plots for specimen (3) at the selected load levels P; to Py
labelled in the load-time curve. The surface axial strain distribution along three section lines for load
levels P; to Py are also presented for damage mode analysis. Section lines 1 and 3 lie above perforated
bundles and section line 2 lies above the unperforated section. In addition to the reference lines used
carlier, one other line representing the average strain in the debonded parts if debonding only occurred

6P;

along one of the two perforated fibre bundles, i.e. AL

, 1s included in the axial strain distribution curves.
0

The strain contour plots for load level P; show stress transfer zones have been initiated from the two
interior 5000 um long perforations (see Figure 5.11 (a)). At P,, just before a small load drop, the strain
curve for section line 1 (shown in blue) indicates debonding propagated approximately 15 mm along
the bottom fibre bundle. Higher strains are observed over the perforations (i.e. on sections 1 and 3) than

in the unperforated middle zone (i.e. section 2). At a later load level P;, the axial strain distribution

shows good agreement with % over a length of approximate 7 mm (adjacent to the central stress
0

transfer zone), indicating that a single perforated fibre bundle has debonded and over this zone. The

. . . . ... 3P
existence of a peak strain concentration showing good agreement with A E5

at the perforated cross
0

section, also indicates that not all the fibre bundles have debonded. The strain plots at load levels P,
and P; suggest that the debonded bundle is the bottom one (i.e. aligned with section 1) and the
debonding propagates axially as the load increases. At load Py, some fibre breakage appears on the
upper edge of the specimen strain contour plot. At load P, it appears that debonding of the bottom
perforated bundle has completely developed throughout the gauge length (see Figure 5.11 (b)). In the

strain contour plot further fibre breakage can be seen on the specimen edges. The loss of these fibres
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means the area used in the calculation of the reference strains is no longer correct and this probably

P

52; falls below the experimental strains. At load Pg, a significant load drop
0

accounts for why the

happened and a large amount of continuous fibres were broken, which also resulted in a greater error in
the reference strain values. The strains along all the section lines surpass the reference line (due to the
reduced net section area). Ultimate failure appeared when the residual continuous fibres in the specimen

fractured, as shown in the DIC strain contour plot for P;,.
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Figure 5.11 DIC images and strain distribution along three sectional lines at selected load levels ((a) P; to P and (b) P, to Py for specimen (3) of

configuration (6), i.e. ‘S-5000’.
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5.3.1.7 Summary of the failure processes of configurations (1) to (6)

The failure processes of configurations (1) to (6) containing a single continuous cut or a line of perforations are summarized in Table 5.3.

Table 5.3 Summary of the failure processes of configurations (1) to (6), containing a single continuous cut or a line of perforations.

Configurations (1) S-cut (2) S-50 (3) S-250
Failure process e Delamination Breakage of continuous fibre bundles in Breakage of some continuous
) o ) the perforated plies fibre bundles in the perforated
e Failure stress is slightly higher than plies
1 o Delamination
2 1 Delamination
Failure stress is slightly higher than =g,
z Failure stress is slightly higher
1
than 500
Configurations (4) S-500 (5) S-800 (6) S-5000
Failure process e Debonding Debonding Debonding is  progressively

Breakage of some continuous fibre
bundles in the perforated plies

Delamination
Edge fibre splitting

Failure stress is slightly higher than % 0o

Low overall stiffness of the strain-
hardening stage because of significant
edge fibre failure

Failure stress is very variable. The failure
stresses for most specimens are much

. 1 2
higher than 500 and less than 3 00-

initiated from one 5000 um
perforation and then another one
and propagated non-
simultaneously towards the two
tabs

. . 2
Failure stress is close to 300

150



5.3.2 Laminates with multiple lines of perforations

The analytical and experimental stress-strain curves for laminates containing multiple lines of
continuous cuts, 5000 um and 800 pum perforations, i.e. configurations (7), (8) and (9), are shown in
Figure 5.12 (a) to (¢). The experimental curves for these three configurations (presented in Figure 5.12)
are shown in Figure 5.13, without the analytical curves, for clarity. The same reference lines as those
used for the single line of cut or perforation cases are shown in Figure 5.12 and Figure 5.13. Key

mechanical properties are summarized in Table 5.4.
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Figure 5.12 Experimental and analytical stress-strain curves of three UD 4-ply configurations, i.e. (a) M- Continuous cuts, (b) M-5000 and (c) M-800,

containing multiple continuous cuts or lines of perforations in the two middle plies.
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Figure 5.13 Experimental stress-strain curves of three UD 4-ply configurations , i.e. M- Continuous cuts, M-5000 and M-800, containing multiple continuous

cuts or lines of perforations in the two middle plies (without the response predicted by the refined analytial model).
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Table 5.4 Key tensile properties of UD 4-ply laminates containing mulitple lines of continuous cuts or perforations of various lengths. (Coefficient of variation,

in %, is given in the parentheses.)

Specimen Initial modulus Pseudo-yield strain and stress ~ Strain-hardening modulus Ultimate failure strain and stress Pseudo-ductile strain
Type
P Eis [GPa] (eyp: Oyp) [%, MPa] Efs * [GPa] (euter Oue) ** (%, MPa] £ps (%]

Anal. Exp. Anal. Exp. Anal. Exp. Anal. Exp. Anal. Exp.

(7)M-Cut 147 135 (0.99,1216) (0.99, 1224) 71 77 (1.76,1450) (1.66, 1395) 0.71 0.63
(2.37%) (4.32%, 4.68%) (4.14%) (2.68%, 2.20%) (4.12%)

(8) M-5000 148 135 (1.14,1455) (1.16,1457) 101 106 (1.79, 1933) (1.66, 1850) 0.49 0.42
(2.09%) (1.37%,1.63%) (7.07%) (2.81%, 3.43%) (10.51%)

(9) M-800 151 134 (1.29,1696) (1.32,1755) 98 105 (1.83, 1991) (1.76, 1992) 0.52 0.312
(1.59%) (1.16%, 1.36%) (4.73%) (4.13%, 4.15%) (7.16%)

* The analytical and experimental strain-hardening stage moduli are measured as the chord moduli defined by ultimate failure point and the point with 100ue
lower strain, if no load drop appeared in the final strain-hardening stage; For experimental tensile responses containing load drops in that 100 pe range, the
chord modulus is defined between the point immediately following the load drop and ultimate failure point.

** For the analytical and experimental tensile responses without significant load drop close to failure, the ultimate failure point is defined as the point of the
maximum stress; For experimental tensile responses containing load drop(s) close to failure, the ultimate failure points are determined as the onset point at the
first load drop with an over 15% reduction in stress.
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5.3.2.1 Configuration (7): multiple continuous cuts

Figure 5.12 (a) shows that there is good agreement between the predicated and experimental behaviour
in the initial and the final strain-hardening stages. The tensile behaviour of this configuration has already
been presented in Chapter 4. The results show that in the initial stage there was a gradual reduction in
stiffness due to the development of the stress transfer zones from the cuts. At stress close to gy, a series
of load drops with intermediate re-loading stages were observed. The load drops were caused by
unstable delamination growth, which was arrested when it reached the stress transfer zone initiated from
the adjacent cut, which associates with a higher fracture toughness. A final strain-hardening stage is
observed and this occurs when the leading edges of the stress transfer zones for each cut have just
reached and started to coalesce with those of the neighbouring cuts. During the strain-hardening stage

the tangent stiffness gradually increases as the coalesced stress transfer zones shorten. The final stiffness

. 1 . . 1
is close to > E, and the ultimate stress is very close to > 00-

5.3.2.2 Configuration (8): multiple lines of ‘S-5000° perforations (‘M-5000’)

Figure 5.12 (b) shows good correlation between the experimental and analytically predicted tensile
behaviour of configuration (8), containing multiple lines of ‘S-5000" perforations at 10 mm intervals.
Experimentally, the tensile stress-strain response consists an initial approximately-linear stage with
gradually reducing stiffness, an intermediate rising ‘plateau’ initiated at a stress slightly lower than the

analytically predicted oy, and gradually reducing stiffness, followed by a strain-hardening stage with
an average final stiffness close to EEO. There are smooth transitions preceding and following the

intermediate ‘plateau’ with very small, if any, load drops are observed from these specimens. This is in
marked contrast to the specimens of configuration (7), which showed multiple load drops before
entering the final strain-hardening stage. The average maximum stress of the specimens is 1850 MPa,

which is within 5% of the predicted failure stress.

For this configuration there are only two perforations across the width of the specimen at each

perforated cross-section.

The failure mechanisms of this configuration are analysed with the DIC strain contour plots and
corresponding axial strain distribution curves along three sectional lines, i.e. section 1, section 2 and
section 3, at selected load levels P; to Pq (see Figure 5.14) for specimen (5). As shown in Figure 5.14,
section line 2 is over the upper row of perforations and section line 3 is over the lower row of
perforations, while section line 1 is placed in the unperforated gap between the two rows of perforations.

Two strain colour scales are used to clearly visualise the strain distribution at different load levels. On
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P, 3P;

each of the axial strain curves, three reference lines representing AEl s JAE
0 0

2P;
and —, where 4 denotes the
AE,

gross cross sectional area of the specimen, are also presented to assist the interpretation of the loading

process.

The axial strain distributions along section lines 2 and 3 for load P; indicate stress transfer zones have

almost uniformly initiated from each perforation, with the strain values at peaks and troughs close to

% and A’%, respectively. At load level P;, the strain along section line 1 (between perforation rows)
0 0

is fairly uniform. At higher load P,, section 1 strain distribution is starting to show peak values
corresponding to the peaks in the strain distributions for section lines 2 and 3. At this load level, the
axial strain curves indicate growth of the stress transfer zone length. At load levels P; and P,, which
are in the rising ‘plateau’ stage of the load-time curve, the DIC strain contour plots show debonding
around the perforated fibre bundles grow from perforations at a few different locations, presumably
those with relatively lower fracture toughness. Higher load is required to initiate debonding growth at
other locations (with higher toughness). This accounts for the gradually rising ‘plateaux’ observed in

the experimental stress-strain curves of Figure 5.13 (b). The average axial strains at section lines 1, 2

3p; .
—, where P; is equal to
24E,

and 3, in the debonded regions (marked as I, II, III and IV) become close to

P; and P,, as shown in the corresponding axial strain distribution curves. At other locations, the

minimum strains (i.e. trough strains) coincide with A% (for P; = P; and P,), indicating no debonding at
0

these positions. At load level Ps, the strain-hardening stage has already started. The axial strain plot

indicate debonding has occurred at all perforations. The debonded regions now occupy most but not all

the specimen length. The strains of these debonded regions are in good agreement with ZZPS

and these
0

indicate positions where the debonding process is not yet complete. However, unlike at load level Py,

the strain values at these minima area are significantly higher than %. This indicates that all the stress
0

transfer zones initiated from adjacent perforations have already coalesced. This behaviour is predicted
by the analytical model (see Figure 3.26 of Chapter 3). The analytically predicted minimum strain is
shown on enlarged axial strain curves for load levels P5 and Pg in Figure 5.15 (a) and (b), respectively.
Load level Py is at a later point of the strain-hardening stage in the load-time diagram. In both diagrams

shown in Figure 5.15, the predicted minimum strains show reasonable agreement with the experimental

3P;
2AE,

minimum values and become close to , as the load is increased. The breakage of unperforated

continuous fibres on the specimen edge attributes to a small load drop immediately after load P,. The
fibre breakage results in the significant undulation of the axial strain of section line 1, as shown in the

axial strain curves for Pg and Py. The specimen is completely failed immediately after load level Py.
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Figure 5.14 DIC images and strain distribution along three sectional lines at selected load levels for specimen (5) of configuration (8).
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Figure 5.15 Experimental (along section lines 1, 2 and 3) and analytical axial strain distribution (predicted by the refined analytical model presented in

Chapter 3) for load levels Ps and Pg, shown in Figure 5.14.
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The failure mechanisms of the specimens containing multiple lines of 5000 um perforations were also
confirmed by X-ray CT scanning images of a specimen tested to 1540 MPa, close to failure, where
debonding is expected to have propagated along the perforated fibre bundles. The specimen was
scanned with the X-ray CT method over a region containing three lines of perforations, as shown in
Figure 5.16. The resulting images at selected positions are shown in Figure 5.16 (a). Note one row of
the 5000 wm perforations in the axial direction are along the specimen left edge. X-ray opaque penetrant
was applied to the specimen but only penetrated into the cracks from this edge, as can be seen from the

plan view.

The two end views at the lower two perforation lines, i.e. sections e2-e2 and e8-e8 (highlighted in green),
show cracks around the two 5000 um perforated fibre bundles. The end views for the sections close the
lowest perforation line e2-¢2, i.e. sections el-el and e3-e3 to e6-e6, indicate interlaminar cracks were
initiated from both 5000 um perforations on section e2-e2 and the width of the interlaminar cracks
reduces as moving away from the perforations. The end views near the two 5000 um perforations on
the upper most section line e8-¢8, i.e. sections ¢7-¢7, €9-¢9 and e10-¢10, indicate interlaminar cracks
were initiated and propagated along the perforated fibre bundle on the right but have not propagated
along the left perforated fibre bundle. The outline of interlaminar and intralaminar cracks can be inferred
from the end view e8-¢8, but it is likely that there are not cracks, instead, just the opaque penetrant
collected at the edge of the laser cut perforation. This difference indicates debonding propagated non-

uniformly along different perforated fibre bundles.

The side view at section s1-s1, lying within the perforated fibre bundles on the left of the specimen
shows interlaminar cracks initiated from the top and bottom perforations, but not from the middle
perforation. The side view at section s5-s5, lying within the perforated fibre bundles on the right shows
interlaminar cracks were initiated from the middle and bottom perforations. Side views on the other
sections, i.e. s2-s2 to s4-s4 and s6-s6, show no interlaminar crack, indicating interlaminar cracks only

propagate along the fibre bundles that were perforated.
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Cracks along perforations
on the specimen left edge

(b)

Figure 5.16 (a) X-ray CT images at selected sections of a specimen containing multiple lines of 5000 um perforations, i.e. configuration ‘M-5000’, tested to a

stress, where debonding around the perforated fibre bundles has occurred and (b) the plan view at section e2-e2.
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5.3.2.3 Configuration (9): multiple lines of ‘S-800° perforations (‘M-800’)

Figure 5.12 (c) shows that there is good agreement between the experimental and analytically predicted
tensile behaviour of configuration (9). Experimentally, the tensile stress-strain curves consist an initial
approximately-linear stage with gradually reduced stiffness, an intermediate rising ‘plateau’ with an
onset stress slightly lower than the analytical gy, and a strain-hardening stage with an average final
stiffness close to the reference value of 68.7%F,. The magnitude of 68.7% used in the predicted
strength value, arises because in these 800 um perforation specimens the net section area at the
perforation line is 68.7% of the gross area (see Figure 5.2). Except for specimen (1), which presents a
small load drop in the plateau stage, all other specimens show smooth transitions prior to and after the
intermediate rising ‘plateau’ stage. The average maximum stress observed in these specimens is 1992

MPa, which is remarkably close to the net section failure stress of 68.7%ay.

DIC contour plots and the strain distribution curves for the axial strain along three section lines on
specimen (3), for seven selected load levels Py to P, are shown in Figure 5.17. (The section lines are
placed at three randomly selected positions as the strains at the perforated and spacing positions are

cannot be distinguished from the employed DIC camera system.) The reference strain lines on the axial

. P; P; 2P . . .
strain curves are —, ———— and —*. The DIC strain contour plots and the related axial strain plots
AEy’ 68.7%AE, AE,

for load levels P; and P, show the stress transfer zones developed almost uniformly from the perforated

P P; .
P and trough values close to ﬁ, where P; is equal
0

cross-sections, with the peak values close to
68.7%A 0

to P; and P,, respectively. At load level P3, the strain values at the peaks are close to ﬁ but the
. 0. 0

values at the troughs are now significantly higher than ;;;, which indicates that the stress transfer zones
(]

initiated from adjacent perforations have already started to coalesce and therefore debonding has
already initiated at the perforated fibre bundles, as predicted by the refined analytical model (see Figure
3.26 (b)). At the subsequent load levels P, to Pg, it is seen that the trough strain values become

increasingly greater than A% (i=4, 5 and 6, respectively), indicating the continued shortening of the
0

coalesced stress transfer zones. At load levels P; to Pg, some minor fibres failure occurs at the edges of

the specimen. At Pg, this fibre failure becomes more significant as indicated by the peak strains, which

Pg

are markedly higher than the reference value of ———.
68.7%AE
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Figure 5.17 DIC images and strain distribution along three sectional lines at selected load levels for specimen (3) of configuration (9).
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The failure mechanism of perforated fibre bundle debonding was also confirmed by the X-ray CT
scanning images and the cross-sectional optical microscope images of a specimen, for which the test
was halted at an average stress of 1853 MPa, close to ultimate failure. After removing the specimen
from the test machine, the specimen was scanned with an X-ray CT machine. The resulting images at
selected positions within the same specimen are shown in Figure 5.18 (a). A polished cross section cut
from the specimen at 3 mm from a perforation line was prepared and inspected using an optical

microscope, as shown in Figure 5.18 (b) and (¢).

The X-ray CT plan view (lying within the perforated plies) shows intralaminar cracking has propagated
along the sides of the perforated fibre bundles from the perforations. The X-ray side view at section 1-
1 (between adjacent perforated fibre bundles) indicates no interlaminar cracking. The side views at
sections 2-2 and 3-3 indicate, at this stress, interlaminar cracks have propagated from the perforations.
The optical microscopic image of the polished section shows debonding cracks formed around the
perimeters of the 800 um perforated bundles (in Figure 5.18 (b)). These cracks have been highlighted

in red for all the debonded fibre bundles in the Figure 5.18 (¢), which shows the entire cross-section.
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Figure 5.18 (a) X-ray CT images of the top and side views, (b) and (c) the cross-sectional optical micrographs, of a ‘M-800’ specimen tested close to failure.
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5.3.2.4 Comparison of the tensile performance of configurations (7) to (9), containing multiple
continuous cuts or lines of perforations:

The failure processes of configuration (7), i.e. the ‘M-cut’ configuration, containing multiple continuous
cuts; configuration (8), i.e. the ‘M-5000" configuration, containing multiple lines of 5000 um
perforations and configuration (9), i.e. the ‘M-800 configuration, containing multiple lines of 800 um
perforations, are summarized in Table 5.5. The three configurations achieved high initial stiffnesses of
approximately 85% of the stiffness of the baseline pristine material and high pseudo-yield stresses of

78% to 88% of the ultimate failure strengths.

In contrast to the configuration (7), containing continuous cuts, which exhibited significant load drops
during the ‘plateau’ stage (see Figure 5.12 (a)), configurations (8) and (9) (see Figure 5.12 (b) and (c))
show a rising ‘plateau’ with almost no load drops and smooth transitions to the adjacent stages of the

stress-strain curves. The potential reasons are explained below.

Theoretically, the onset of debonding or delamination for each cut or perforated position is related to
the local interlaminar and intralaminar fracture toughness. The values of these toughness will vary with
position. This is possibly due to material variability, but the manufacturing process used here (e. g. laser
milling to introduce the perforations) may also have caused additional variation. As the number of cuts
or perforations are increased, the probability of a larger variation in the toughness values at these cuts
/perforations will also be increased. The number of cuts/perforations in the three configurations (7), (8)
and (9) are 13, 26 and 156, respectively. Therefore configurations (8) and (9) potentially have a greater
variation in fracture toughness values at different perforations. During the ‘plateau’ stage, those
positions with the lowest fracture toughness start to debond or delaminate at first. As the remote tensile
stress increases, debonding/delamination will be successively initiated at locations with the next lowest
fracture toughness. This results in a ‘rising plateau’ and smooth transitions in advance of and following

the ‘rising plateau’ stage in the stress-strain responses.

Also, if the debonding/delamination process was unstable, then in the cut ply case there is a potential
for a larger sudden growth in delaminated area (and therefore a greater load drop) than in the perforated

ply cases.

Another factor that may contribute to the rising ‘plateau’ could be an increasing toughness as the
debonding/delamination growth advances. This is particularly possible for the intralaminar toughness,

which is likely to increase with crack growth due to increasing fibre bridging.

The perforation strategy provides the possibility to tailor the initial stiffness, pseudo-yield stress, the

final strain-hardening stiffness and the ultimate failure strength.
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Table 5.5 Summary of the failure process of configurations (7), i.e. ‘M-cut’, containing mulitple lines of continuous cuts, and configurations (8) and (9), i.e.

‘M-5000" and ‘M-800°, containing multiple lines of 5000 um and 800 pwm perforations, respectively.

Configurations

(7) M-cut

(8) M-5000

(9) M-800

Failure process

Gradual loss of stiffness in the
initial stage

Unstable delamination
accompanied with small load
drops

Average failure stress is close to
~ 00 (£3.8%)

Average stiffness at ultimate
failure is close to %EO (£ 4.5%)

e Gradual loss of stiffness in the initial
stage

e Stable debonding around 5000 um
perforations with very few load
drops

e Average failure stress is close to 200
(£ 0.01%)

e Average stiffness at ultimate failure
is slightly higher than gEO (£1.1%)

Gradual loss of stiffness in the
initial stage

Stable debonding around 800 um
perforations with very small load
drops

Average failure stress is close to
68.7% o0y (£ 0.04%)

Average stiffness at ultimate failure
is close to 68.7% E, (+ 4.9%)
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5.3.3 Comparison of the configurations containing a single and multiple lines of cuts or

perforations

In this section, the tensile performance of configuration (1) containing a single continuous cut is
compared with that of configuration (7) containing multiple continuous cuts. Comparison of
configurations (5) and (9), i.e. containing a single line and multiple lines of 800 um perforations, as
well as configurations (6) and (8), i.e. containing a single line and multiple lines of 5000 um

perforations, is also presented.

The load drops in the stress-strain curves of configuration (1), containing a single continuous cut (shown
in Figure 5.5 (a)) were replaced with less significant drops in the intermediate ‘plateau’ stage (see Figure
5.12 (a)), when the single continuous cut was replaced with multiple cuts. Such variation in tensile
response is also observed in the configurations with the 800 um and 5000 um perforations. This change
in response is related to the evolution of the stress transfer zones. For specimens with a single cut or
perforation line, once debonding or delamination occurs, the leading edges of the stress transfer zones
together with the associated stress transfer zone are free to propagate to the ends of the specimen. In
the experiment, this propagation of debonding/delamination is unstable and therefore accompanied by
significant load drops and sudden release of large amount of strain energy. For those specimens with
multiple lines of cuts or perforations, the propagating stress transfer zones are suppressed once
encountering the stress transfer zones initiated from the adjacent cuts or perforations. Thus, the
debonding or delamination can only propagate a short distance, and the associated amount of released
strain energy is dramatically reduced, compared to the single line of cut and perforations cases. The
load drops in the experimental tests for the specimens with multiple cuts or lines of perforations were
therefore significantly reduced. Due to the variation in fracture toughness, discussed earlier, this
‘arresting’ mechanism will occur first at the locations of the lowest toughness. Debonding/delamination
and the ‘arresting’ mechanism will occur at other tougher locations as the load is further increased. Such
a progressive process promotes less significant, or even no, load drops in configurations with multiple

lines of cuts or perforations.

Note that these stable intermediate ‘plateau’ stages were achieved at the expense of a more severe
reduction in stiffness of the initial stages of the stress-strain curves. This is due to the formation of a
larger total area of stress transfer zones than in those specimens containing a single cut or perforation

line.
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Table 5.6 Comparison of the failure process of configurations containing multiple continuous cuts or lines of 5000 um or 800 um perforations , i.e.
configurations ‘M-cut’, ‘M-5000" and ‘M-800 ‘M-cut’, with the corresponding configurations containing a single continuous cut or line of perforations, i.e.
configurations ‘S-cut’, ‘S-5000° and ‘S-800’, respectively.

Configurations

‘M-cut’ performance relative to ‘S-cut’

‘M-5000’ performance relative to ‘S-5000°

‘M-800’ performance relative to ‘S-800°

Failure process

More severe loss in stiffness of the
initial stage

Higher numbers but less severe
load-drops due to multiple cuts

Unstable delamination is arrested
due to interaction with adjacent
stress transfer zone.

Stress for plateau is same for both
cases

Ultimate failure stress 1s similar for
both cases

Better agreement with the refined
analytical model predicted response

More severe loss in stiffness of the
initial stage

No significant load drops

Much smoother transitions between
adjacent stages in the stress-strain
curves

Experimental response has reduced
scatter and in better agreement with
the refined analytical model
predicted response

More severe loss in stiffness of the
initial stage

No significant load drops

Much smoother transitions between
adjacent stages in the stress-strain
curves

Experimental response has reduced
scatter and in better agreement with
the refined analytical model
predicted response
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5.4 Conclusions

This chapter presented experimental results of the tensile performance of UD laminates containing a
single line and multiple lines of perforations with several different geometries in selected plies.
Perforations were precisely and uniformly introduced into prepregs using a laser milling technique. The
tensile performance and the failure mechanisms of the perforated laminates were compared with those
specimens containing a single and multiple lines of continuous cuts, and with the behaviour predicted

by the refined analytical model. The conclusions are summarized below:

e For laminates containing a single continuous cut or a single line of perforations, the initial stage
of the stress-strain response was almost identical to that of a pristine laminate. The initial stage
was followed with load drops, due to the suddenly developed unstable delamination or
debonding (accompanied with some breakage of continuous fibres) and then a final strain-

hardening stage exhibiting considerable scatter.

e Laminates containing multiple continuous cuts or lines of perforations exhibited a pseudo-
ductile tensile performance. The initial stage possessed a high initial stiffness (close to the
pristine material) but the stiffness gradual reduced with increasing load. This was followed by
a stable intermediate rising ‘plateau’ stage, with a smooth transition to a final strain-hardening
stage. The tensile performance of the configurations with multiple cuts or perforation lines
exhibited considerably less scatter than that of the configurations with a single line of cut or

perforations.

e The pseudo-ductility observed in the configurations with multiple lines of perforations is
promoted by debonding around the perforated fibre bundles. The stability of the rising ‘plateau’
stage in the pseudo-ductile cases may be due to the toughness variation, interaction of the stress
transfer zones and fibre bridging at intralaminar cracks. The improved pseudo-ductility of the
configurations containing multiple cuts and lines of perforations comes at the cost of the loss

of stiffness observed in the initial stage.

e The ply perforation strategy provides the possibility for more tailorable pseudo-ductile tensile

response, compared to the ‘cut-ply’ strategy.

e The tensile responses predicted by the refined analytical model for the UD laminates containing

multiple lines of perforations, showed good agreement with the experimental results.
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Chapter 6

Experimental investigation of pseudo-ductility in multi-

directional laminates containing ply cuts or perforations

6.1 Introduction

Chapter 4 and Chapter 5 have shown that pseudo-ductile tensile response can be achieved in UD
laminates containing ply cuts or perforations in the middle plies. The ply cuts triggered progressive
delamination, which provides an intermediate plateau stage in the tensile response. The ply perforations
promoted progressive debonding providing a stable rising ‘plateau’ stage in the tensile response. This
chapter presents an investigation on the potential to transfer the pseudo-ductility observed in the UD
laminates to multi-directional laminates that possess wider application scope in engineering structures,
by introducing continuous cuts or perforations into selected plies. The multi-directional laminates
consist two 0° plies placed in the middle of two blocks of quasi-isotropic (QI) sub-laminates. Evenly
spaced continuous cuts or lines of perforations were introduced perpendicular to the fibre direction of

the two middle 0° plies.

This chapter is organized as follows: section 6.2 presents the design criteria (see section 6.2.1), the
fabrication process (see section 6.2.2) and tensile testing method (see section 6.2.3). The tensile testing
results are presented in section 6.3. The tensile responses of these configurations are compared in
section 6.3.1. The failure mechanisms of these configurations are presented in section 6.3.2. The effects
of the laminate layup, the geometry of the ply cuts and perforations on the tensile response, are also

analysed in this section. The conclusions are drawn in section 6.4.

6.2 Experimental details

Static tensile tests on straight-edged tensile specimens were performed based on the CRAG 302
standard [112]. This section presents the details of criteria considered to design the layup, the ply cuts
and perforation patterns in the multi-directional configurations, as well as the manufacture process, the

mechanical testing and failure process investigation methods.
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6.2.1 Specimen design details

In order to replicate the pseudo-ductility mechanisms achieved in the UD laminates, the multi-
directional configurations were designed by simply replacing the two outer continuous 0° plies in the
pseudo-ductile [0°/0,] and [0°/ O;] s UD laminates (presented in Chapter 4 and Chapter 5), with two
blocks of multi-directional sub-laminates, as shown in Figure 6.1. (The subscripts ‘c’ and ‘p’ denote

cuts and perforated plies, respectively.)

Multi-directional laminate

UD laminate Multi-directional sub-laminate

ey

/

Ply cuts or perforations

Delamination or debonding Multi-directional sub-laminate

E=— 0 ply

Figure 6.1 Schematic layups of the UD 4-ply laminate and the multi-directional laminate.

6.2.1.1 Pseudo-yield stress for laminates containing continuous cuts

The pseudo-yield stress must be lower than the ultimate failure stress to achieve a pseudo-ductile
response. The pseudo-yield stress for the onset and propagation of delamination, gy,¢y, was predicted
according to the proposed LEFM-based method [104]. Delamination is initiated by the cuts, once the
average tensile stress reaches the critical pseudo-yield stress, g,y . At this moment, the mode II strain
energy release rate, G;; becomes equal to the mode Il interlaminar fracture toughness, Gyc. Gyyc 1S
assumed as constant for delamination (and debonding shown in section 6.2.1.2) initiation and
propagation. The expression of gy, for delamination is a modification of the UD laminate pseudo-

yield stress expression (see Eq. 3.3) and is given in Eq. 6.1.

6.1
GrcnuEomEim

o =2
yeM np?hEoy — nrnyhEyy

In this equation, ny and ny are the total number of plies and the number of continuous plies in the entire
multi-directional laminate; /4 is the ply thickness; Ey, is the longitudinal tensile elastic modulus of the
pristine multi-directional laminate; E1;, is the longitudinal tensile elastic modulus of the two outer
continuous sub-laminates. Eyy, and Eq, were predicted using Classical Laminate Analysis (CLA).

174



The tensile stress to cause failure of the outer multi-directional sub-laminates in the cut-ply
configuration, was estimated using the Ten-Percent Rule [113], assuming the middle cut plies are

completely separated from the multi-directional sub-laminates after delamination.

6.2.1.2 Pseudo-yield stress for laminates containing lines of perforations

As for the perforated-ply laminates, the pseudo-yield stress, g,y is required to be lower than the
ultimate failure stress, to achieve a pseudo-ductile response. The pseudo-yield stress, gy, , was

predicted by considering an RVE, as shown in Figure 6.2.

:‘multi—directional
| sub—laminate

T T
T T
T I
T I
o . ' !
(ny — ny) perforated 0 plies . . i . I .
f T—> T
T P T
1 T
T T

n - .
?” continuous plies

[_multi—directional
— sub—laminate

n - .
TU continuous plies

B Dcbonding around perforated fibre bundles

Figure 6.2 Schematic cross-section of a multidirectional perforated-ply configuration showing the

RVE.

Debonding around the perforated fibre bundles occurs once the mode II strain energy release rate, Gy;
reaches the mode II fracture toughness, Gj;c. The fracture toughness values for the initiation and
propagation of inter- and intra-laminar cracks around the fibre bundles are assumed to be the same and
both equal to Gy;¢. The expression of the pseudo-yield stress for debonding, gy, was a modification
of the pseudo-yield stress derived for the UD laminates (see Eq. 3.8). The pseudo-yield stress, gy, is

given by Eq. 6.2.

6.2
2GcEomEin[P + h(ny — ny)][nrw — P(ny — ny)]

nTZWZh(EOM_ElM) + nTWh(nT - nU)PElM

Oypm =

In this equation, Ej,, is the longitudinal tensile elastic modulus of a completely continuous and pristine
multi-directional laminate and was calculated from Classical Laminate Analysis (CLA); E1p is the
longitudinal tensile elastic modulus of the continuous part in the laminate and was calculated using

Classical Laminate Analysis (CLA) and the Rule of Mixtures (RoM).
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The tensile stress to cause ultimate failure of the perforated-ply configuration was also estimated using
the Ten-Percent Rule [113], assuming the perforated fibre bundles are completely separated from the
residual continuous part. Note the perforation strategy provides a higher volume of continuous 0° plies

than the cut-ply strategy in the same laminate, therefore it gives a higher ultimate failure stress.

6.2.1.3 Layups and investigated configurations

In this experimental investigation, the outer multi-directional sub-laminates on either side of the two
middle O or O°p plies were chosen to be quasi-isotropic, with a layup of [90°/0°/+445°/—45°] (with

the 90° plies as the outermost plies of the entire laminate).
To help avoid free edge delamination, this QI layup was selected with the following considerations:

e Each fibre direction within the layup consists of a single ply, in order to reduce the potential of
free-edge delamination, which often occurs in laminates with excessive number of plies placed

successively in the same direction.

e 90° plies were used as the outermost plies of the entire multi-directional laminate. This ensures
a compressive interlaminar stress at the free edge, so as to reduce the risk of free-edge

delamination.

This QI layup provides a resulting layup of the entire multi-directional laminate as [90°/0°/4+45°/
—45°/0°].

Three configurations designed with this layup are shown in Table 6.1. Configuration (1) is the baseline
configuration containing no cut or perforation. Configuration (2) contains continuous cuts in the two
middle O, plies, with the layup represented as [90°/0°/+45°/—45°/0.]s. 50% volume fraction of the
0° plies in this laminate is continuous, as shown in Table 6.1. Configuration (3) contains perforations
with the pattern of ‘5P-5S°, where P and S represent the lengths (in mm) of perforations and spacing
between adjacent perforations in a perforation line, respectively. The layup of this perforated-ply case

is [90°/0°/+45°/—45°/0;]5. The failure mechanisms of the two cut- and perforated-ply

configurations with the same layup were compared.

The ‘5P-5S’ perforation pattern was also investigated with a modified layup of [90°/+45°/-45°/0°/ 0;]5
(configuration 4) to eventually achieve distinct ‘yielding’ in the tensile response, using this ply-

perforation strategy. In this layup, the continuous 0° plies have been placed adjacent to the middle Oop

plies to create 0°/ O°p interfaces for delamination, like those in the UD pseudo-ductile [0°/ Oop]s perforated
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configurations (reported in Chapter 5). The perforated configurations (3) and (4) provide 75% volume

fraction of continuous 0° plies in the laminate.

6.2.1.4 Predicted pseudo-yield stresses for cut- and perforated-ply configurations

Table 6.1 also contains the predicted pseudo-yield stress and the estimated ultimate stress. The material
system for this investigation is Hexply® M21/35%/198/T800S carbon fibre/epoxy UD prepregs with a
cured ply thickness of 0.184 mm. The pseudo-yield stresses were calculated using the properties of a
UD lamina given in Table 6.2 and equations 6.1 and 6.2. Ey, was determined to be 80 GPa, E;y for
the cut and perforated ply configurations were calculated to be 60 GPa and 71 GPa, respectively. As
mentioned earlier, the ultimate stresses were calculated using the Ten-percent Rule, with the ply tensile
strength given in Table 6.2. It can be seen from Table 6.1 that for all cut and perforated ply
configurations the estimated ultimate stress is greater than the predicted pseudo-yield stress and

therefore they are expected to exhibit pseudo-ductility.

Table 6.1 Summary of the investigated multi-directional configurations.

Configuration Layup Configuration Volume Predicted Estimated
number Name fraction of pseudo- ultimate
continuous | yield stress | failure stress
0° plies in
the laminate [MPa] [MPa]
€)) Pristine 100% 1334
[90°/0°/+45°/-45°/0°],

2) Cut 50% 668 943

3) Perforated 75% 799 1073

4 Modified layup Perforated 75% 799 1073

[90°/+45°/-45°/0°/0°],
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Table 6.2 Mechanical properties of a UD M21/T800S lamina

Elastic Transverse Shear Poisson’s  Tensile strength  Mode II interlaminar
modulus modulus modulus ratio in 0° direction fracture toughness
Eyq [GPa]  Ep; [GPa]  Gi, [GPa] U12 oo [MPa] Gric [K]/m?]
160 8.1 4.8 0.33 2900 1.7

Note all properties except Gj;c are from the manufacturer’s data sheet [107]. G was determined from
the tensile tests of UD 4- and 6-ply M21/T800S specimens containing a single cut in the two central
plies. The method to measure the mode 11 fracture toughness of a UD CFRP laminate was utilized in
[35][37] and [108].

6.2.2 Specimen fabrication

Straight-edged tensile specimens were manufactured with dimensions shown in Figure 6.3 (a). The cuts
and lines of perforations are perpendicular to the 0° fibre direction and are introduced at 10 mm intervals
in the free length of the two middle 0° plies, as shown in Figure 6.3 (b). The cuts and perforations at

the same positions of the two middle 0° plies were well aligned in the through-thickness direction.

The specimen manufacture method was the same as that for the UD specimens (shown in Chapter 4 and
Chapter 5). Ply cuts were introduced into prepregs using the prepreg cutter. Perforations were
introduced in the prepregs using the laser milling method. For the ‘5P-5S’ perforation pattern, the
transverse lines of perforation lines were symmetrically positioned within the middle of the specimen

with continuous fibres at the outer edges, as shown in Figure 6.4.
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Figure 6.3 Schematic of the multi-directional specimen containing cuts or perforations.
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2.5
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0 Laser perforation lines Units: mm

Figure 6.4 Schematic showing the position of the ‘5P-5S’ perforation pattern within a specimen.
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6.2.3 Mechanical testing

Static tensile tests were performed on a 250 kN Instron machine, equipped with hydraulic wedge type
grips. The uniaxial tensile loading was applied at a crosshead-displacement speed of 2 mm/min. Five
specimens were tested for each configuration. Four specimens were tested to ultimate failure and for
one specimen the test was stopped prior to failure to investigate the failure mechanisms. The global
strain was measured by an Imetrum video extensometer over a 90 mm gauge length. The full strain field
over a gauge length of 80 mm was monitored with a GOM Digital Image Correlation (DIC) system.
The DIC results were post-processed with different facet sizes and facet distances. Results for 19 pixel
facet size and 15 pixel facet distance are presented in the following content. The placement of the optical
strain gauge target points and DIC speckle pattern on a specimen surface is schematically shown in
Figure 6.3. Ultrasonic C-scan inspection, X-ray scanning and optical microscopic inspection were

performed on some of the interrupted test specimens, to assist the analysis of the damage mechanisms.

6.3 Results and Discussion

6.3.1 Tensile response of multi-directional configurations (1) to (4)

The tensile responses of the multi-directional configurations are shown in Figure 6.5 (a) and the
mechanical properties are summarized in Table 6.3. Results show that only the cut-ply configuration
with the layup of [90°/0°/+45°/-45°/0.]s and the perforated configuration with the modified layup of
[90°/+45°/—45°/0°/0;,]s behaved with a distinct ‘yielding’ in the tensile response. The tensile stress-
strain responses of these two configurations, i.e. configurations (2) and (4), are shown in Figure 6.5 (b),
together with that of the pristine baseline configuration, for comparison. For clarity, the tensile
responses of the perforated configuration with no distinct ‘yielding’, i.e. configuration (3), is shown in
Figure 6.5 (c), again with the baseline response. Figure 6.5 (a) to (c) also include the following reference

lines:

e The analytical pseudo-yield stress, gy,cp-‘cut’, for the cut-ply configuration with the layup of
[90°/0°/+45°/-45°/0]s;

e The analytical pseudo-yield stress, gy,,-‘perf.’, for the perforated-ply configurations with the
layups of [90°/0°/+45°/—45°/0;,]s and the modified one of [90°/+45°/—45°/O°/0°p]s;

e The estimated ultimate tensile strength, g,,;;-‘cut’, of the cut-ply configuration with the layup
of [90°/0°/+45°/-45°/0_]s;
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different layups;

The estimated ultimate tensile strength, o,,;¢-‘perf.’, of the two perforated configurations, with

Effective elastic modulus of the cut-ply configuration with the two middle plies completely

separated from the outer continuous QI sub-laminates (This is given by 0.8 Ey;_: and equal

to

48 GPa);

Effective elastic modulus of the perforated-ply configurations with the perforated 0° fibre

bundles completely separated from the continuous part (This is given by 0.9 E1y_perforated

and is equal to 64 GPa).
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Figure 6.5 Tensile stress-strain responses of the multi-directional configurations.

181



Table 6.3 Key experimental mechanical properties of the multi-directional configurations (Coefficient of variation, in %, are given in the parentheses).

Configuration Initial Pseudo-yield stress  Strain-hardening stage  Ultimate failure = Ultimate failure Stress
Stiffness modulus strain
O-yCM or O-pr* Uult [MPa]
Eom [GPa] [MPa] E1m™* [GPa] Eutr [70]
Exp. Anal. Exp. Anal. Exp. Exp. Anal. Exp.

(1) Pristine - [90°/0°/+45°/—45°/0°]5 80 (2.68%) --- --- 80 80 (8.39%)  1.81 (4.83%) 1334 1462 (5.12%)
(2) Cut - [90°/0°/+45°/—45°/0, ], 66 (2.13%) 688 654 (2.07%) 48 36 (0.81%)  1.76 (1.57%) 943 746 (2.55%)
(3) Perforated - [900/00/"'450/_450/0;9]5 69 (4.40%) 799 --- 64 60 (8.22%)  1.49 (1.84%) 1073 949 (3.01%)
(4) Perforated - [900/"'450/_450/00/0;9]5 71 (7.39%) 799 796 (7.80%) 64 56 (6.03%)  1.83 (2.60%) 1073 1117 (3.17%)

* Determined using the method described in Appendix 3.

** The chord modulus close to failure were measured between the ultimate failure point and the point with 1000u¢e lower strain.
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The pristine configuration, i.e. configuration (1) is linear-elastic with an average modulus of 80 GPa
and failed in a brittle manner, with an average tensile strength of 1462 MPa (see Table 6.3). The failure

points on the stress-strain plots are highlighted with red crosses in Figure 6.5.

The cut-ply configurations (2), retained 82.5% of the initial stiffness of the pristine baseline
configuration (as measured over the strain interval of 0.05% to 0.25%) (see Table 6.3). There is a
gradual loss in stiffness in the initial stage and this is followed by an intermediate flat plateau at an
average stress of 654 MPa. Finally, there is a strain-hardening stage with the final secant modulus of
36 GPa (measured over the final 0.1% strain range) and failure occurs at 746 MPa (see Figure 6.5 (a)
and (b)). The experimental pseudo-yield stress shows good agreement with the analytically predicted
value. The stiffness of the final strain-hardening stage is much lower than the 0.8 E;;_ .+ reference
value, i.e. 48 GPa, shown as the blue line. The overestimated reference value is probably because of
damage in the off-axis plies in the experimental tests, which is not considered when determining the
reference value. The failure stress is lower than the value estimated by the Ten-Percent Rule, but this

rule is only an approximation and does not consider the complete failure process.

Configuration (3) contains the ‘SP-5S’ perforation pattern and the same layup as configuration (2). No
distinct pseudo-ductile ‘yielding’ was observed, instead the specimens exhibited a gradual loss in
stiffness as the tensile stress increased and failure occurred at an average stress of 945 MPa (see Figure

6.5 (c)).

The pseudo-ductile performance with a distinct ‘yielding’ behaviour was also achieved in configuration
(4), containing ‘5P-5S’ perforation pattern in the modified layup, as shown in Figure 6.5 (a) and (b). In

comparison with the cut-ply configuration, this perforated case exhibits the following characteristics:

e The stiffness reduction in the initial non-linear stage prior to the onset of pseudo-yielding is
much smaller, due to the 25% lower volume fraction of continuous 0° plies and the shorter

stress transfer zones than in the cut-ply configuration (see Figure 6.5 (b)).

e The initial stage is followed by a rising ‘plateau’ stage with a pseudo-yield stress of 796 MPa,
which is approximately 150 MPa higher than the cut-ply configuration (see Table 6.3). In

addition, the pseudo-yield stress shows good agreement with the analytically predicted value.

o The ‘plateau’ smoothly transformed into the final strain-hardening stage, which has a secant
modulus of 56 GPa (measured close to failure). This modulus is 56% higher than that for the
cut-ply case. Moreover, this secant modulus is about 12% lower than the 0.9 Eyy_perforatea
reference value of 64 GPa, but this reference value does not consider the damage in the off-axis

plies;
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e The average failure stress is 1117 MPa, which is approximately 370 MPa higher than that of

the cut-ply case and is close to the estimated reference value.

Configurations (3) and (4) have the same ‘5P-5S” perforation pattern but only configuration (4), with
the modified layup, exhibits distinct pseudo-yielding, indicating the layup significantly influences the

pseudo-yielding behaviour.

6.3.2 Failure mechanisms

6.3.2.1 Configuration (1) (Pristine-[90°/0°/+45°/-45°/0°]s)

The tensile stress-strain curve and DIC strain contour plots at four selected stress levels of a baseline
specimen is shown in Figure 6.6. These contour images, captured with 19 pixel facet size and 11 pixel
facet distance by the DIC system together with carefully selected strain ranges (i.e. colour scales), reveal
that transverse cracks (see Figure 6.7) appeared on the surface 90° ply with the increasing stress. The
axial strain distribution along the section line at four stress levels are shown in Figure 6.8. The axial
strain distribution plots present high levels of fluctuation. The fluctuation in the axial strains is due to
cracking in surface 90° plies. The strain distribution fluctuation is reduced when the higher DIC facet
distance of 15 pixels is used, as shown in Figure 6.9. This is because a lower facet distance is more
sensitive to the surface ply cracks. (In the subsequent analysis of the damage mechanisms of the non-
pristine configurations, the axial strain distributions were obtained using the 15 pixel facet distance.)
The average strain of each plot is slightly higher than the corresponding reference values, indicated by
the black lines for each stress level. This is because of cracking in the off-axis plies (i.e. £45° and 90°

plies) was not considered in the reference value calculation.
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Figure 6.6 Tensile stress-strain curve and DIC strain contour plots (under different colour scales) at

selected load levels.

Figure 6.7 Transverse cracks in the surface 90° ply of a partially tested pristine baseline specimen.
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Figure 6.8 Axial strain distribution plots at selected stress levels for the pristine baseline configuration (DIC facet size:19 pixel and facet distance: 11 pixel).
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- P; (i=1 to 4) 1s the remote tensile load for stress levels 1 to 4, respectively;

- Ap, Eqa are the gross cross-section area and tensile modulus of a pristine specimen.

Figure 6.9 Axial strain distribution plots at selected stress levels for the pristine baseline configuration (DIC facet size:19 pixel and facet distance: 15 pixel).

187



6.3.2.2 Configuration (2) (Cut-[90°/0°/+45°-45°/0°¢]s)

The DIC strain contour plots of a cut-ply specimen at six selected stress levels in the tensile response
are shown in Figure 6.10. The first two contour plots show high strain regions gradually appeared in
the vicinity of the ply cut positions, prior to the plateau stage in the tensile stress-strain response. These
high strain regions (shown in red for stress levels 3 to 6) gradually expand during the plateau and the
final strain-hardening stages. The axial strain distribution along the longitudinal section line (shown in
the contour plots) for each of the selected stress level, is shown in Figure 6.11. The positions of the cuts

are labelled in each axial strain distribution plot.

At stress level 1 (170 MPa), DIC again shows significant fluctuations. The axial strain plot oscillates
between the pristine and fully-delaminated reference values but does not show a periodic behaviour
aligned with the cut positions. This is probably due to the noise in the DIC measurement at these low
strains and the difficulty for the DIC to detect strain changes over the very short stress transfer zones at
this low stress level. (The UD specimens with the same cut pattern, showed a similar behaviour at a low
strain level (see Figure 4.6). At stress level 2 (500 MPa), the periodic behaviour of the axial strain is
now more visible, because of the higher applied tensile strain and the longer stress transfer zones. The
peak values are close to the reference line for the fully-delaminated behaviour and the trough values are

close to the reference line for the pristine reference.

During the plateau stage (stress levels 3, 4 and 5), there is a zone in which the trough strain values are
significantly higher than the pristine reference value and the peak strain values significantly exceed the
reference value for fully-delaminated behaviour. This zone indicates delamination has occurred and the
length of this zone increases with increasing applied strain, as shown in the highlighted region in the
axial strain distribution plots. This is unlike the axial strain distribution observed in the UD cut ply case

(see Figure 4.6). As noted earlier, this difference is probably due to cracking in the off-axis plies.
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Figure 6.10 Tensile response of a cut-ply multidirectional spcimen and the DIC strain contour plots at

six stress levels.
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Figure 6.11 Axial strain distribution along the longitudinal section line shown in the DIC strain contour plots for the cut-ply multidirectional spcimen shown

in Figure 6.10.
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The damage modes of this cut-ply configuration were investigated using a specimen tested to a stress
of 670 MPa, which is slightly higher than the average pseudo-yield stress (see Figure 6.12). At this
stress, delamination between the 0, and outer QI continuous sub-laminates is expected to have occured.
The DIC strain contour plot at the stress, at which the test was halted, is also shown in Figure 6.12.
Optical microscopic images of a polished cross-section at about 3.5 mm away from a cut position
(labelled in the DIC image in Figure 6.12), is displayed in Figure 6.13. The zoom-in image of a part to
the left of this cross-section shows delamination at the interfaces above and below the two middle O,
plies. It confirms that the delamination occurred at the expected interfaces and promoted the distinct
‘pseudo-yield’ and the intermediate plateau in the stress-strain response. In addition, many inclined
cracks occurred in the -45° plies next to the middle O, plies, presumably because of the high
interlaminar shear stress acting at the -45°/0,. interfaces in the vicinity of the cuts. These off-axis ply
cracks also exist in the region, in which delamination has not yet developed, as shown in the zoom-in
image on the right. Note that the left zoom-in image shows the delamination crack at the bottom -45°/0,
interface linking up with a -45° ply crack and migrating to the adjacent +45°/-45° interface. Presumably,
this minor delamination also occurred in other specimens tested to failure, however, the tensile response
shown in Figure 6.5 implies the +45°/-45° delamination does not have a significant influence on the
pseudo-ductility. The off-axis cracks and the potential minor delamination may also contribute to the
experimental stiffness of the final strain-hardening stage being lower than that of the reference stiffness

of 0.8E7y_cut» sShown in Figure 6.5.
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Figure 6.12 The tensile stress-strain curve of a multi-directional cut-ply specimen tested to 654 MPa

and the DIC strain contour plot at 654 MPa.
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Figure 6.13 Microscopic images of the polished cross-section (3.5mm from the cut postion) of the specimen shown in Figure 6.12.
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6.3.2.3 Configuration (3) (‘SP-55°-[90°/0°/+45°/-45°/0°p]s)

Figure 6.14 shows the tensile response and the DIC strain contour plots at four selected stress levels of
a specimen containing ‘5P-5S’ perforations and the original layup. The axial strain distribution plotted
along the section line (aligned with the central line of perforations in the gauge length) are shown in
Figure 6.15. The perforation positions are also labelled in these strain plots. The normalized axial strain
distribution curves (defined as the axial strain divided by the strain for a pristine specimen), for the four

stress levels are plotted together in Figure 6.16, for comparison.

The axial strain distribution is periodic for all the selected stress levels, with the peak strains appearing
in the vicinity of perforation positions (see Figure 6.15). At the first stress level, most of the trough
strains align along the reference line for a pristine specimen. The peak strains are approximately 0.19%
(in strain) on average higher than the reference value for debonding behaviour. This peak strain
difference is presumably because of the onset of cracks in the off-axis plies (as will be seen in the
subsequent microscopic images). Figure 6.16 shows that the normalized axial strain distribution for the
four stress levels are almost identical and exhibit negligible growth of the stress transfer zone length for
increased remote tensile stress. In addition, it is worth noting that there are small increments in some of
the trough strains, but these increments are not as significant as those for the pseudo-ductile perforated
counterpart, i.e. configuration (4), at the similar stress levels (as will be seen in Figure 6.22 (a)). These

findings suggest no significant debonding occurred at all, prior to ultimate failure.
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Figure 6.14 Tensile response of a perforated specimen with the [90°/0°/+45°/ Oop]s layup and DIC

strain contour plots (measured with 19 pixel facet size and 15 pixel facet point distance) at four

selected stress levels.
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- P; (=1 to 4) is the tensile load for stress levels 1 to 4, respectively;

A, Ager and Ag4,p are the cross-sectional areas of a pristine baseline specimen, the continuous outer QI sub-laminates
of a cut-ply specimen and the continuous unperforated part of a perforated-ply specimen, respectively;
- Eops E1ps qger and Eqpy gep are the tensile moeduli of a pristine baseline specimen, the continuous outer QI sub-laminates
of a cut-ply specimen and the continuous unperforated part of a perforated-ply specimen, respectively;

Figure 6.15 Axial strain distribution along the longitudinal section line shown in the DIC strain contour plots of the spcimen (‘5P-5S’- [90°/0°/+45°/0°,]s)

shown in Figure 6.14.
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- A;, Ay, and A, are the cross-sectional areas of a pristine baseline specimen, the continuous outer QI sub-laminates
of a cut-ply specimen and the continuous unperforated part of a perforated-ply specimen, respectively;

- Epp, Eya ger@nd Ejyy g0p are the tensile moduli of a pristine baseline specimen, the continuous outer QI sub-
laminates of a cut-ply specimen and the continuous unperforated part of a perforated-ply specimen, respectively.

Figure 6.16 Aixal strain distirbution normalized by the tensile strain of a pristine specimen at the four stress levels for the specimen (‘5P-5S’-

[90°/0°/+45°/0°, ]s) shown in Figure 6.14.
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The failure mechanisms of this perforated configuration were also investigated using a specimen loaded
to 940 MPa (see Figure 6.17), very close to the average experimental tensile strength of 949 MPa (see
Table 6.3), for this configuration. The micrographs of a polished cross-section at approximately 1.5 mm
away from a transverse line of perforations are shown in Figure 6.18 (i). Note that a length of about 2.5
mm was cut off from the left end of the sample to fit the diameter of the potting tool, which was used
to prepare the specimen for microscope inspection. Cracks around the three perforated 0; fibre bundles
are highlighted in the overall cross-section view (see Figure 6.18 (ii)). The earlier stress-strain plot (see
Figure 6.14) shows little sign of pseudo-yielding and therefore implies that no significant debonding
has occurred (as indicated by the absolute and normalized axial strain distribution plots of Figure 6.15
and Figure 6.16). This suggests that the debonding observed in the microscopic sections of Figure 6.18

did not extend very far from the perforation plane but this requires further investigation.

A long crack has initiated from the left bottom corner of the debonded perforation on the right and
propagates along the -45°/0°, interface and partially migrated into the adjacent —45° ply. In addition,

delamination is observed at the bottom 0°/+45° interface in the left half of the overall section view.

In addition, the three enlarged images of the left and middle perforations show many +45° cracks (see
Figure 6.18 (iii-v)). The cracks in the off-axis plies next to the perforated bundles are denser than those
next to the continuous bundles in the 0;, plies (see Figure 6.18 (iii & v)). This is possibly resulted from
the interlaminar shear stress acting in the stress transfer zone adjacent to the perforations. The much
denser -45° cracks in the vicinity of the perforations may have caused the high peak strains, which

significantly exceed the ‘debonded’ reference strain value, shown in Figure 6.15 and Figure 6.16.
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Figure 6.17 Tensile stress-strain response of a ‘5P-5S’ pattern perforated specimen with the layup of

[90°/0°/+45°/ O;]s tested to a stress close to failure and the DIC strain contour plot at the maximum

stress.
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Figure 6.18 Microscopic images of a polished cross-section of the ‘SP-5S’ pattern perforated specimen (with the layup of [90°/0°/+£45°/ OL]S) specimen shown

in Figure 6.17.
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6.3.2.4 Configuration (4) (‘5P-58’-[90°/+45°/-45°/0°/0°p]s)

As seen earlier in Figure 6.5 (a) and (b), a pseudo-ductile tensile response with a distinct intermediate
‘yielding’ and a final strain-hardening stage, was achieved after moving the continuous 0° plies (in

configuration (3)) to the position adjacent to the middle 0°, perforated plies.

The pseudo-ductile tensile response of a specimen tested to failure and the DIC strain contour plots at
six selected stress levels, are shown in Figure 6.19. The axial strain distribution curves along a
longitudinal section line (along the central line of perforations in the gauge length) are presented in

Figure 6.20.

At the first stress level, the strain oscillates between the pristine and fully-delaminated reference values,
but does not show an obvious periodic behaviour, relative to the cut positions. This non-periodic
behaviour is probably because of off-axis ply cracking, developed in the vicinity of the perforated
positions, which resulted in strains that are higher than the reference value for a debonded specimen,
and masked the expected periodic behaviour. At stress level 2, the axial strain distribution is more
periodic. Most of the peak strains, at the perforation positions become close to the reference line for a

delaminated specimen and the trough strains are close to the reference line for a pristine specimen.

At stress level 3, the tensile response transfers to the short ‘yielding’ stage (see Figure 6.19). Debonding
initiated from the perforations is expected to develop along the perforated fibre bundles, during this
yielding stage. Stress levels 4 is close to level 3. The axial strain distributions for these two stress levels
are similar, with all the peak strains exceeding the reference values for delamination. It can be seen that
the trough strains in the highlighted regions become slightly higher than the reference for a pristine
specimen, at these two stress levels. It may indicate debonding has initiated from the adjacent

perforations and propagated a short distance.

Stress level 5 is in the final strain-hardening stage (see Figure 6.19), where debonding is expected to
have further propagated longitudinally. Some of the peak strains now lie significantly above the
reference line for a delaminated specimen. Compared to the previous stress level, the high trough strain
regions have increased significantly and the trough strain values in these regions have become close to
the reference strain for a debonded specimen. This indicates debonding has propagated further, forming
these longer highlighted high strain regions. The high trough strain regions grow further as the stress is

increased to level 6 (the ultimate failure point).

The axial strain distribution curves at each stress level, normalized by the tensile strain for a pristine
specimen, are plotted together in Figure 6.21, to reveal the axial strain variation, during the test.

Compared to the non-pseudo-ductile case, with the layup of [90°/0°/+45°/0°,]s (see Figure 6.16), this
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pseudo-ductile configuration, with the modified layup of [90°/+45°/0°/0°, ]s (see Figure 6.21), exhibits

more significant increase in the trough strains during the loading process.
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Figure 6.19 Tensile stress-strain response of a ‘5P-5S’ pattern perforated specimen with the modified
layup of [90°/+45°/0°/0°,]s and the DIC strain contour plots (measured with 19 pixel facet size and

15 pixel facet point distance) at six selected stress levels.
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- P; (i=1 to 6) is the remote tensile load for stress levels 1 to 6, respectively;

- Ay, Ay and A, are the cross-sectional areas of a pristine baseline specimen, the continuous outer QI sub-laminates of a cut-
ply specimen and the continuous unperforated part of a perforated-ply specimen, respectively;

- Egpgs Lapg gerand Eypp 4.5 are the tensile moduli of a pristine baseline specimen, the continuous outer QI sub-laminates of a
cut-ply specimen and the continuous unperforated part of a perforated-ply specimen, respectively;

Figure 6.20 Axial strain distribution plots along the longitudinal section line shown in the DIC strain contour plots in Figure 6.19 (for the ‘5P-5S’
[90°/+45°/0°/0°, ]s specimen).
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- Ay, Ag.; and A, are the cross-sectional areas of a pristine baseline specimen, the continuous outer QI sub-
laminates of a cut-ply specimen and the continuous unperforated part of a perforated-ply specimen, respectively;

- Eom, Eim gerand Ejps g0y are the tensile moduh of a pristine baseline specimen, the continuous outer QI sub-
laminates of a cut-ply specimen and the continuous unperforated part of a perforated-ply specimen, respectively.

Figure 6.21 Axial strain distribution (at stress levels 3 to 6, shown in Figure 6.20) normalized by the tensile strain of a pristine specimen, for the ‘5P-5S’-

[90°/+45°/0°/0°, ]s specimen.
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The damage modes of the pseudo-ductile perforated configuration have been investigated using a
specimen loaded to 875 MPa (see Figure 6.22). This stress is slightly higher than the stresses related to
the ‘yielding’ behaviour in the tensile response, and so it is expected that debonding has propagated
from the 5 mm perforations. The DIC strain contour plot at this maximum loading stress and the
corresponding axial strain distribution along the longitudinal section line (over the middle line of
perforations), are shown in Figure 6.22. The trough values in the 0-25mm, 40-55 mm and 80-90 mm
regions exceed the reference strain for a pristine specimen, indicating that significant debonding has

occurred in these regions.

The ultrasonic C-scan and X-ray scanning images of this specimen are presented in Figure 6.23. The
perforation positions within the perforated 0°; plies on the X-ray and ultrasonic C-scan diagrams, are

marked in black and red, respectively.

The ultrasonic C-scan image of the signal amplitude reflected from the specimen back surface is
presented in Figure 6.23 (a). The image indicates pockets of delamination, forming a grid pattern,

presumably at the 0°/0°), interfaces.

The X-ray image, presented in Figure 6.23 (b), shows longitudinal intralaminar cracks (presumably in
the 0°, plies) have initiated from the edges of most of the perforations and developed to different
extents in the axial direction. Dense matrix cracks are identified in the -45° plies. A zoom-in image of
the perforation at the bottom right corner shows dense cracks, distributed along the path of the
longitudinal intralaminar cracks. The longitudinal intralaminar cracks (parallel to the incident ultrasonic
signal) and any fibres bridging along these cracks will scatter the incident ultrasonic signal, leading to
a greater loss of the signal amplitude at the boundaries of the perforated fibre bundles. The length of
delamination (interlaminar cracks) is similar to that of the longitudinal intralaminar cracks, developed
from the same perforations, implying that debonding around the perforated fibre bundles has occurred.
The X-ray and ultrasonic C-scan images show that the debonding has not propagated to the same

distance at all perforations, in the longitudinal direction, presumably due to material variability.
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Figure 6.22 Tensile stress-strain response of a ‘5P-58°-[90°/+45°/0°/0°), ]s specimen, tested to 875

MPa and the DIC strain contour image and the axial strain distribution curve at 875 MPa.
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Figure 6.23 Ultrasonic C-scan and X-ray scanning images of a specimen containing ‘5P-5S” perforation pattern and the layup of [90°/+45°/0°/0°, ]s tested to
875 MPa.
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6.3.2.5 Comparison of the tensile performance of the multi-directional configurations

The multi-directional configurations containing continuous cuts with the original layup of
[90°/0°/+45°/0,]s (configuration (2))) and containing the ‘5SP-5S’ perforations with the modified layup
of [90°/i45°/0°/0;]s (configuration (4)), both exhibited pseudo-ductility. High initial stiffnesses (83
and 89% of the baseline pristine multi-directional laminate) and high pseudo-yield stresses (88% and
72% of the ultimate failure strengths) were achieved in configurations (2) and (4), respectively, as
shown in Table 6.3. The ‘5P-5S’ perforated configuration with the original layup showed no distinct
‘yielding’ in the tensile response. The failure mechanisms of these ply weakened configurations are

summarized in Table 6.4.

Table 6.4 Summary of the failure mechanisms of the multi-directional configurations.

Configurations Configuration (2) - Cuts Configuration (3) - ‘5P-5S’ Configuration (4) - ‘5P-5S’
([90°/0°/+45°/—45°/0.];) ([90°/0°/+45°/—45°/0,];)  ([90°/+45°/—45°/0°/0}]5)
Failure e Relatively sparse Much denser matrix Matrix cracking in
mechanisms matrix cracking in cracking than that in the —45° plies, in

the —45° plies

e  Delamination at the
expected —45°/0
interfaces

e  Minor delamination
migrated to the
+45°/—-45°
interfaces

configuration (2). This
cracking is denser in
the —45° plies next to
the 0; perforated
bundles than those next
to the unperforated
bundles in the 0; plies

Debonding around the 0,,
fibre bundles but did not
propagate long distance

Unexpected delamination
at the 0°/+45° interface

the vicinity of the
significantly
debonded fibre
bundles. These
cracks are relatively
sparse than those in
configuration (3).

Debonding (inter-
and intralaminar
cracks) around the
perforated 0,, fibre
bundles

The strain range related to the delamination process of the cut plies (i.e. the intermediate flat plateau
stage) is much greater than that for the debonding of the perforated bundles (i.e. the intermediate rising
‘plateau’ stage) for the pseudo-ductile case. This is because, analytically, the change in stiffness caused
by the delamination of the 0 cut plies is more significant than the stiffness variation due to the

debonding of the O; perforated bundles.

As already noted the original layup achieved the pseudo-ductility with the continuous cuts strategy, but
this achievement did not happen with the ‘5P-5S’ perforations. For the ‘5P-5S’ perforations in the
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original layup, a much greater density of cracking in the adjacent +45° plies was observed than in the
cut configuration. This was probably caused by the stress concentration associated with the edges of
the perforations. The energy required to drive both the dense cracking of the +45° plies and the
debonding of the perforated bundles will have been remarkably increased (compared to driving the
debonding alone) and it appears that this prevented any significant debonding and the associated

pseudo-ductile behaviour. When the perforated O;, plies were confined between continuous 0° plies in

the modified layup, the effect of these stress concentrations will have been much reduced and so the

debonding process could propagate as intended.

6.4 Conclusions

This chapter investigated the potential to transfer the pseudo-ductility observed in the UD laminates to
multi-directional laminates, using the ‘ply weakening’ strategy. The multi-directional laminates consist
two central 0° plies, embedded between two blocks of continuous QI sub-laminates. It was shown that
the brittleness observed in the conventional continuous multi-directional laminates could be overcome
by introducing continuous cuts or lines of perforations in the central 0° plies. In the case of the

perforations, the orientation of the plies adjacent to the perforated plies is critical.
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Chapter 7

Conclusions and future work

7.1 Conclusions

The research presented in this thesis has demonstrated that it is possible to promote pseudo-ductility
and a progressive failure process in conventional brittle UD and multi-directional laminates made of a
single type of CFRP material, using a ply weakening strategy. Pseudo-ductile tensile stress-strain
responses were achieved, which consisted of an initial approximately-linear stage, with high initial
stiffness, followed by a metal-like intermediate plateau and a final strain hardening stage. The key

findings of chapters 3 to 6 are summarized below.

Chapter 3: The potential to achieve pseudo-ductility in UD laminates, using ply weakening (via
introducing continuous ply cuts or periodic perforations, perpendicular to the fibre direction in selected
plies) and interface weakening methods, was investigated using a Linear Elastic Fracture Mechanics
(LEFM)-based simplified analytical model. Both ply weakening methods were predicted to achieve a
tailorable and progressive pseudo-ductile tensile failure process. The intermediate plateau in the stress-
strain response was due to delamination of the cut plies or debonding of the perforated fibre bundles.
In this model, the criterion for the onset of delamination or debonding is determined by mode II fracture
toughness. When used in conjunction with the ply weakening approach, the interface weakening was
shown to introduce another plateau stage at a lower stress level. The ply weakening model was then
refined by considering the evolution of the interlaminar stress transfer zones between the continuous
and discontinuous plies. In contrast to the simplified prediction model, the refined model predicts a
gradual change in stiffness in both the initial and final strain-hardening stages. A parametric study
showed that the absolute and relative thickness of the continuous and weakened plies, and geometric
parameters of the platelets or fibre bundles (such as the lengths of the platelets and perforated fibre
bundles, the aspect ratio of the perforated and un-perforated fibre bundles, formed by cuts or
perforations) dominate the resulting pseudo-ductile properties, for a given material. The ‘ply perforation’
strategy has showed the potential to provide superior and a wider design space to manipulate pseudo-

ductile properties, compared to the ‘ply cut’ counterpart.

Chapter 4: An experimental investigation was conducted on the tensile response of UD laminates
containing different numbers of continuous cuts and different proportions of continuous and cut plies.
DIC and ultrasonic C-scan were employed to examine the development of failure mechanisms at

different loads. The results demonstrated that laminates with low number of cuts often suffer from
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significant load drop(s) after the initial almost-linear stage, due to unstable delamination growth. The
load drops issue was resolved by introducing a sufficient number of cuts, to achieve a stable
intermediate plateau stage, at the expense of a slightly higher reduction in stiffness during the initial
stage of the stress-strain response. Compared to the laminates containing a single cut, multiple cuts
promoted progressive delamination initiated at different cut positions, providing a more stable plateau
in the tensile response. For the pseudo-ductile cases with stable plateau stress-strain behaviour, the DIC
results demonstrated that the evolution of stress transfer zones showed good agreement with that
predicted by the refined analytical model. In addition, the refined models provided a more accurate
representation of the experimental stress-strain behaviour of those pseudo-ductile cases, especially for

the elastic modulus variation of the initial and final strain-hardening stages.

Chapter 5: An experimental investigation was performed on UD laminates containing various
perforation patterns. The laminates containing a single line of laser-milled perforations (with different
patterns) retained an initial stiffness almost identical to that of the pristine baseline. The approximately-
linear initial stage was followed by unstable load drops and considerable scatter in the tensile behaviour.
This behaviour was shown to be caused by unstable delamination or debonding from the perforated
positions, accompanied by breakage of the continuous fibres. A desirable pseudo-ductile tensile
response with an intermediate ‘rising plateau’ was achieved with laminates containing multiple lines of
perforations. X-ray CT images and axial strain distribution on DIC strain maps proved that the stable
intermediate plateau was promoted by the progressive debonding of the perforated fibre bundles. ‘Fibre
bridging’ at the intralaminar cracks, the variation of fracture toughness at perforated positions and
interaction of stress transfer zones, contributed to the stable ‘rising plateau’. The experimental tensile
responses of these pseudo-ductile UD perforated laminates showed good agreement with the predicted
results, proposed from the refined analytical model. The experimentally observed evolution of the axial
strain distribution during the entire loading process, determined from DIC data, showed good agreement

with that predicted by the refined analytical model.

Chapter 6: Preliminary experimental tests confirmed that it is possible to achieve pseudo-ductility in a
multi-directional laminate using the ply cut and perforation strategies. This was achieved by introducing
continuous cuts or lines of perforations normal to the fibre direction of two central 0" plies, which were

embedded between two blocks of continuous QI sub-laminates.

A pseudo-ductile response with a relatively long and stable intermediate plateau was attained in the
configuration containing continuous cuts. The evolution of axial strain distribution (captured from DIC
system) and microscopic images indicated that progressive delamination of the discontinuous cut plies,
initiated by the dispersed cuts, caused the plateau. Pseudo-ductile response with a distinct but short

intermediate ‘yielding’ behaviour was obtained from the perforated configuration with a modified QI
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sub-laminate layup, in which continuous 0° plies were positioned on both sides of the perforated plies.
X-ray and Ultrasonic C-scan results confirmed that the ‘yielding’ was associate with the debonding of
the dispersed perforated fibre bundles. Cracking in the off-axis plies was observed in all ply-weakened

configurations.

The main achievements of this PhD project are summarized below:

e Tailorable pseudo-ductility with high initial stiffness and high pseudo-yield stress in CFRP
UD and multi-directional composites have been achieved by a ply weakening approach;
e The analytical models have been developed and showed good agreement with the

experimental results.

7.2 Recommendations for future work

o In this thesis, the ply weakenings, i.e. continuous cuts and perforations, were placed in the
perpendicular to the fibre direction of selected plies. The effect of ply weakening in other directions

relative to the fibres on the tensile performance can be investigated.

e  Conventional continuous laminates frequently fail catastrophically due to the presence of stress
concentrations (e.g. open-holes or notches). The influence of patterns of perforations introduced
in high stress zones could be investigated to determine if it is possible to reduce the notch

sensitivity of a laminate.

e  Thin-ply carbon prepregs can be a candidate material for future ply weakening strategy
investigation. It would be interesting to investigate if a pseudo-ductile multidirectional laminate
can be created by using UD thin-ply sub-laminates, in which selected internal 0° plies have been
cut or perforated. It may be necessary to also use interface weakening on the cut or perforated plies

to ensure the pseudo-yielding behaviour occurs prior to ultimate failure.

e  The performance of the ply weakening laminates should be investigated in other loading modes,

such as impact and fatigue.
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Appendix 1

Comparison of the analytical tensile response of the

specimen free and gauge lengths

This section compares the tensile performance of the free and gauge lengths predicted by the refined
analytical model for the UD 6-ply specimens containing a single, three and multiple cuts (at 10 mm
intervals) in the two central plies. Figure A-1 shows the schematic distribution of the cuts in the free
and gauge lengths of the 6-ply specimens containing a single, three and 10 mm apart periodic cuts in
the two central plies (i.e. configurations (3), (4) and (5)). The highlighted 9 mm long regions near the

two ends of each configuration denote the video extensometer neglected regions during the tests.

138 mm (free length)

120 mm (gauge length)

(a) 2 out of 6 plies o

W
AN

- <
L, = 69mm aligned cuts in adjacent plies
(b) 2 out of 6 plies{  — |
—

Ly =59mm L, =10mm

(c) 2 outof 6plies e — — ———— — ——
! : 1
Ly =9mm L, = 10mm 0’ fibre and loading direction

Figure A-1. Schematic side views of the UD 6-ply configurations (with a free length of 138 mm)
containing (a) a single (configuration (3)), (b) three (configuration (4)) and (c) periodic cuts at 10mm

intervals (configuration (5)) in the two middle plies, respectively.

The refined analytical model presented in Section 3.5 for platelets of a specific length is also applicable
for UD laminates made of platelets of different lengths. The average tensile strain of the 138 mm free
length is taken as the overall extension of all platelets, divided by 138 mm. The average tensile strain
of the gauge length is taken as the sum of extension of the platelets in the 120 mm long gauge length
region (as shown in Figure A-1), which was monitored by the Imetrum video extensometer, divided by
120 mm. Note that no cut was introduced at the two ends of the free length (during the manufacture

process). It means there is no stress transfer zone initiated at the two positions.
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For configuration (3), two half-long stress transfer zones are initiated from the middle cut and propagate
towards the two ends of the free length. It must be noted that, the evolution of these half-long stress
transfer zones in the entire 138 mm free length is considered during the overall loading process, for the
predicted tensile response of the free length. However, for the tensile response of the 120 mm gauge
length, there is a period that close to the end of plateau stage, the half-long stress transfer zones move
out from the 120 mm region to the highlighted 9 mm long regions (see Figure A-1). From this period,
the video extensometer begins to neglect the evolution of the two stress transfer zones that migrated
into the 9 mm regions, and instead only measures the strain evolution of the inner 120 mm region. (This
period can be attempted basing on Figure 3.20.) Thereby, during this period, for a specific remote tensile
stress level, the 120 mm gauge length records a lower average tensile strain than that of the 138 mm

free length.

Configuration (4) can be regarded as consisting two 59 mm long platelets (each contains one half-long
stress transfer zone) and two 10 mm long platelets (each contains two half-long stress transfer zones)
in the free length. The way to calculate the strains of the 120 mm long gauge length and the 138 mm
long free length is the same as that for the configuration (3).

In terms of configuration (5), there are exactly twelve 10 mm long platelets in the 120 mm gauge length,
thereby the overall gauge length stress-strain behaviour is equivalent to that of a single 10 mm long
platelet containing two half-long stress transfer zones. While for the free length, the average strain is
taken as the overall extension of the twelve 10 mm platelets (all containing two half-long stress transfer
zones) and the extension of two 9 mm stress transfer zones (with each containing a half-long stress

transfer zone), divided by 138 mm.

The predicted tensile responses of the free and the gauge lengths of configurations (3), (4) and (5) are
shown in Figure A- 2 (a), (b) and (c), respectively. The transition stage between the plateau and final
strain-hardening stages in the stress-strain curves for each configuration, shown in Figure A- 2 (a) to
(c), are enlarged to clearly show the difference. Figure A- 2 (a) and (c) show there is no significant
difference in the tensile responses for configurations (3) and (5), containing uniform platelet length.

More obvious difference is observed from configuration (4) (see Figure A- 2 (b)), containing three cuts.
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Figure A- 2. Analytical tensile stress-strain response of the free and gauge lengths of UD 6-ply configurations containing (a) a single, (b) three and (¢)10 mm

apart periodic continuous cuts in the two central plies.
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Appendix 2

Laser milling machine

A schematic of the laser machine is shown in Figure A- 3. An example set of parameters employed on
the CNC Oxford® A series/Compact laser micromachining machine, to mill a 184 um thick prepreg,

without accumulating excessive heat, is shown in Table A- 1.

How A Laser Cutter Works

Beam
Bender
(Mirror)

Laser
Resonator

Laser
Focusing
Head

Laser Gas —

Focal

Nozzle Laser Beam Length

Figure A- 3. Schematic working principle of the laser milling machine. Copied from [109].

Table A- 1. Summary of laser milling parameters for perforating a 184 um thick prepreg.

Laser machine setup

Laser current (A) 3.87

Focal length [mm] (see Figure A- 3) 73.145

Laser milling parameters

Laser beam pulse frequency [kHz] 30
Percentage of full laser power [%] 23
Cutting speed [mm/s] 100
Pulse repetition rate per feature 110
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Appendix 3

Pseudo-yield stress identification technique for the pseudo-

ductile multi-directional configurations

The pseudo-yield stresses of the pseudo-ductile multi-directional configurations were derived from the
tensile secant modulus relative to the tensile stress diagrams. The pointwise secant moduli for the entire
loading process were calculated with a constant strain interval of 1840 ue. This strain interval gives
relatively low fluctuation in the tensile secant modulus-tensile stress plots, as shown in Figure A-4. Two
example plots of a pseudo-ductile specimen containing cuts with the layup of [90°/0°/+45°/-45°/0.]s
and a ‘SP-5S’ pattern perforated specimen with the layup of [90°/+45°/-45°/0°/ 0;]5 (investigated in
Chapter 6) are shown in Figure A-4. For the cut-ply configuration, the pseudo-yield stress, g,¢p, is
determined from the first point, associated with zero secant modulus in the secant modulus-tensile stress
diagram, as shown in Figure A-4 (a). The pseudo-yield stress is 664 MPa, for the cut-ply specimen
shown in Figure A-4 (a). The pseudo-yield stress, g,y , for the perforated-ply specimen was
determined from the point with the lowest secant modulus, as shown in Figure A-4 (b). Thereby, the
pseudo-yield stress for this perforated-ply specimen is 833 MPa. The associated pointwise secant

modulus measured from this point is 36 GPa.
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Figure A-4 Tensile secant modulus-tensile stress curves of the multi-directional pseudo-ductile (a)

cut-ply and (b) perforated-ply specimens.
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