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Abstract

The increased industrial use of fibre reinforced composites structures such as sandwich
panels is a result of their lightweight, flexible, and high strength capabilities. Sandwich
panels are generally assembled by placing a lightweight core in between two facesheets.
The core provides the required thickness without increase in weight while the facesheets
provide the required strength at less than half the cores thickness. Whilst the material choice
for both vary, carbon and glass fibre reinforced polymers are predominantly the two main
composite materials commonly utilised in the fabrication of sandwich panel facesheets. New
developments in the application of fibre reinforced structures have raised an environmental
and economic awareness for the necessity to recycle and repurpose fibre cut-off waste. The
UK is the first major economy to pioneer a “green industrial revolution” by passing legislative
laws, backed with funding, to bring industries such as the composite industry up to speed to

achieve product sustainability and recyclability.

With focus in the composite industry shifting towards zero waste production cycles, it
becomes a necessity to investigate the mechanical behaviour of fibre cut-off waste in
structures such as sandwich panels. This thesis aims to contribute towards the issue by
presenting an experimental comparison of sandwich panels fabricated using recycled
carbon fibre (RCF) and chopped strand matt glass (CSMG). The experimental work
undertaken are three-point bending and low-velocity impact. Across all industry that utilise
sandwich panels, the two phenomena mentioned are observed to contribute significantly to
panel degradation during its working life. For fair comparison, the sandwich panels for both

fibres consist of the same areal density and same manufacturing methods.

Novelty in the thesis is granted through the comparative study between the mechanical
behaviour of RCF and CSMG sandwich panels as this has not been investigated for
industrial application. Obtained experimental data show that the RCF panels are stronger

than the CSMG panels which could be an alternative to sandwich panels made with CSMG.
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1 INTRODUCTION

1.1 Research Background

The advantages of using sandwich panels are the high stiffness and lightweight features
they offer. Sandwich panels are made by placing a core in between two face sheets, as
seen in Figure 1.1, with the help of an adhesive. A wide variety of materials can be used for
facesheets and they typically range between metals and fibre reinforced polymers (FRP).
As for the core, just three configurations are commonly used which are corrugated, foam
and honeycomb, all of which a variety of materials that can be used to achieve. The core is
the component that gives sandwich panels their desired high strength-to-weight and

stiffness-to-weight ratios allowing for versatility in their application [1].

For example, in the automotive industry, sandwich panels have become very crucial to
manufacturers who seek to produce lighter cars which in turn increases fuel efficiency. A
study by Deniz Hara and Gokhan O. Ozgen on the use of sandwich panels in automobile
body panels showed that foam core sandwich structures at 50% less weight than steel sheet
metal panels have the same bending stiffness performance [2]. A. Pavolvic et al. [3] carried
out a study on optimising the stiffness to weight ratio of an ultralight photovoltaic roof of a
solar sport car using carbon fibre sandwich panels. The aim was to present a design that
would be suitable for durability under low modal vibrations that lead to the panel failure.
Experimental work in agreement with numerical simulation supported the design to have

very good performance under such scenario.

Face sheet
T /,Adheswe

e

—>» Core

Figure 1.1 Schematic illustration of sandwich panel
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Figure 1.2 Example of sandwich panel applications in a.) a wind turbine blades and in b.) a trailer
of a truck [4]

Although the materials used to fabricate sandwich panels vary with application, fibre
reinforced sandwich panels are typically fabricated with either glass fibre or carbon fibre.
This is due to the high strength the carbon fibre provides and the ductility provided by the
glass fibre. However, as shown in Figure 1.2, their diverse application across industries
equate to exposure to conditions that can cause severe damage to them. The wind turbine
in Figure 1.2a would be prone to low-velocity impact damage from debris that is carried
along by the wind and the trailer of the truck in Figure 1.2b can undergo three-point (flexural)

loading when a heavy crate is placed unto its surface.

Three-point bending and low-velocity impact on sandwich panels have been studied
extensively by researchers who have done so using a range of experimental parameters
and material configurations. Zhou et al. [5] investigated the effect of facesheet thickness,
impactor shape and core density on the impact failure mechanisms of sandwich panels
made with carbon fibre reinforced panels with honeycomb cores. They concluded that the
tip of the impactor was a significant parameter affecting both failure modes and energy
absorption of the panels. The effects of poly(vinyl chloride) (PVC) foam core density on the
flexural properties sandwich panels with woven glass fibre facesheets was studied in detalil
by Steeves and fleck. They were able to derive analytical expressions for sandwich panel
failure modes under flexural loading which are: core shear, indentation, face wrinkling and
buckling [6].
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1.2 Research Gap

The lightweight and high strength features carbon and glass fibre reinforced sandwich
panels offer have attracted more research towards their optimisation for better mechanical
performance and damage resistance. However, growing environmental concerns on
increasing amounts of fibre cut-off waste has brought attention to the need to experimentally
evaluate how such materials can be re-used in sandwich panels. As there is very little to no
information from previous literature addressing such an issue, this thesis aims to present
experimental data on sandwich panels fabricated with recycled carbon fibre and chopped
strand mat glass under three-point bending and low-velocity impact.

The aim and objectives are outlined in section 1.3.

1.3 Aim and Objectives

This thesis aims to investigate the three-point bending behaviour and impact response of
sandwich panels manufactured with recycled carbon fibre (RCF) and chopped strand mat
glass (CSMG).

Objectives:

- Manufacture sandwich panels using recycled carbon fibre and chopped strand mat
glass fibre of the same areal density by using a guideline from ASTM standards.

- Investigate the mechanical characterisation of both sandwich panels (RCF and
CSMG) under three-point bending and impact loading.

- Analyse microscopic imaging to identify the damage behaviour of sandwich panels.

- Provide a fatigue after impact testing guideline on sandwich panels made of RCF and
CSMG.

1.4 Thesis Layout

The structure at which this thesis will follow is listed below:

Chapter 1: Introduction:

This chapter entails a brief introduction of sandwich panels, areas of application, three-point
bending, low-velocity impact, research gap and lastly presents aims and objectives for this

thesis.

Chapter 2: Literature Review:
This chapter contains a summary of previous literature on fibre reinforced composites,
sandwich panels, three-point bending on sandwich panels and low-velocity impact on

sandwich panels. This section also includes details of theoretical expressions for sandwich
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panels under loading, experimental parameters and, observed failure modes for sandwich

panels. The chapter concludes with a literature summary and gap.

Chapter 3: Panel Fabrication and Experimental Methods:

Contains descriptions of the materials and process used for fabricating the sandwich panels
in this thesis. The methodology and equipment used for carrying out all experimental work
on the panels are discussed. Experimental work carried out are acid digestion, three-point

bending and low-velocity impact test.

Chapter 4: Results and Analysis:

Analysis of the results obtained from each experiment is described in this section. This
includes data for the fibre content, three-point bending and low-velocity impact tests. Each
experimental analysis is based on obtained data and visual analysis of the samples.

Chapter 5: Guideline for Fatigue After Impact Test:

Firstly, this chapter begins by highlighting the importance of carrying out fatigue after impact
tests on sandwich panels. Secondly, it presents experimental findings of samples tested at
a low impact energy. The low energy is selected not to cause too much panel damage.
Thirdly, data from three-point bending tests in chapter 4 are used to generate fatigue load
levels. The chapter then concludes with a guideline using parameters from the impact test
and three-point bending data.

Chapter 6: Conclusion and Recommendations:

Proceeds to conclude the thesis by giving a general overview of the experimental work
carried out alongside a discussion of experimental findings for the RCF and CSMG panels.
It then proceeds to give recommendations for future works on sandwich panels fabricated
with RCF and CSMG.
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2 LITERATURE REVIEW

2.1 Fibre Reinforced Polymers

Fibre-reinforced polymers (FRP) offer attributes such as high strength to weight ratio, low
thermal expansion coefficient, anti-corrosion, and high thermal conductivity. They are
categorised into two groups: discontinuous and continuous fibre reinforced composites. The
several traditional techniques required to produce such composites are now being replaced
with recently developed additive manufacturing (AM) as the process is a more cost effective
and efficient method. This development has also contributed to their industrial application.
For Example, most Boeing 787 Dreamliner aircrafts are reported to have approximately 80%

of composites by volume comprising of 32 tons of carbon fibre-reinforced composites [7].

The two most popular reinforced fibres produced through AM are carbon fibre (CF) and
glass fibre (GF). Carbon fibre polymers are generally observed to be stronger than glass
fibre polymers when using the same resin system. Duty at al. [8] found that 20 wt.% carbon
fibore combined with acrylonitrile—butadiene—styrene (ABS) filament can give a tensile
modulus and strength of 11.9 GPa and 66 MPa respectively, while the tensile modulus and
strength of the 20 wt.% glass fibre with the same filament were 5.7 GPa and 54 MPa
respectively. H. L. Tekinaip et al. [9] reported similar findings for the tensile modulus at 11.5
GPa and strength of 60 MPa for 20 wt.% carbon fibre/ABS Hill et al. [10] used the same
fibre/matrix configuration, 20 wt.% carbon fibre, and achieved 8.4 GPa in tensile modulus

and 67 MPa in tensile strength. A graphical comparison is presented in Figure 2.1

R0 Tensile modulus Tensile strength b
1204 15 67 119" 66 L 70
L 60 -
£ 100 : “ [Tz
g 8.4 L 50 2
£ 50 g
g 6.0 - 40 §
= 60 .
2 - 30 2
D 40 4 3}
= L 20 =
2.0 1 - 10
0.0 0
CF/ABS CF/ABS CF/ABS GF/ABS

Figure 2.1 Tensile properties of FDM-fabricated 20 wt.% CF/ABS and GF/ABS FRPs (data from
[81-[10]))
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Table 2.1contains the mechanical properties of a single carbon and glass fibre strand [7].

Table 2.1 Mechanical properties of carbon and glass fibres [7]

Fibre type Youngs’s modulus Tensile strength Specific strength
(GPa) (MPa) (KN.m/kg)
Carbon fibre 120 - 180 1600 — 4127 2457 — 3919
Glass fibre 30 - 40 1500 — 3450 1307 — 3300

The tensile strength is defined as the maximum stress in a material before it yields whilst
being pulled and the specific strength is defined material strength divided by its density. It is
expressed as kilo newtons per kilogram. Sections 2.1.1 to 2.1.4 gives brief description of
both fibres production well as the reclaimed fibres from them.

2.1.1 Carbon Fibre Reinforced Polymers

As show in Table 2.1, Carbon fibres reinforced Polymers (CFRP) are high modulus and high
strength fibres. They can meet demands of structural systems that require higher values of
modulus and strength than those values which can be provided by the glass fibres. Carbon
fibres are produced from polyacrylonitrile (PAN), a fossil-based polymer, that gets wet spun
into a precursor fibre before being turned into carbon fibre. The PAN has 49% vyield of
carbon. The transformation into carbon fibres is then done in a series of steps heating the
air (pyrolysis) around the fibre to 275°C causing the fibre to turn black due to oxygen
interacting with the PAN. This causes cross-linking, producing a three-dimensional infusible
atomic network. Further heating is then applied at the fibres at 1000 °C to produce carbon

fibre [11].

¢ PAN
. hbre jj

{ ) [ . \ [ Wet or dry
I'\\\ ! *  Polymerisation ¥ PAN |—» I
/ - . / spinning

Acrylonitrle Polvacrylonitrile Precursor fibre

.
¢ Oxidised High temperatine
"} Carbonisation #!r 1|1| ~T|1 -
catme

» Oxidation —m .
— . fibre ./

200-300°C 1 MWD | 500 l 500-3000°C

-3 h 5 min in N, | mininN
in air . Surface -
treatment
h 4
Sizing
i |
High ™ 4 High ™

modulus
—

Figure 2.2 Summary of process to produce PAN carbon fibres properties [11]
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The properties of carbon fibres made from PAN can be modified according to the pyrolysis
temperature as illustrated in Figure 2.2. CFRPs are presently being used in sports and
recreational equipment (fishing rods and golf clubs), pressure vessels, filament-wound
rocket motor cases, and aircraft structural components (body, stabiliser, wing, and rudder
components), in both military and commercial, helicopters and fixed wing [12].

2.1.2 Recycled Carbon Fibre

The production of recycled carbon fibre from used virgin carbon fibre is seen as a
breakthrough in waste management for the composite industry. As the global production
volume of carbon fibre reinforced plastics keeps increasing at a significant rate — from
46,000 tonnes in 2011 to 140,000 tonnes in 2020 it has been predicted that over 30% of the
produced carbon fibre will end up wasted at some point in the process. Gen2Carbon
(formally known as ELG Carbon Fibre) and Sigmatex are two companies in the UK that have
developed cost-effective means of recovering carbon fibres from manufacturing waste and

end-of-life components without significant degradation to the fibre properties [13].

Figure 2.3 a.) Gen2Carbon G-TEX M non-woven mat [14], b.) SigmaRF fabrics [15]

As shown in Figure 2.3a, the orientation of the Gen2Carbon mat orientation is random from
the production techniques used to produce it. In Figure 2.3b the fibres of the SigmaRF are
oriented at 45°. The following analysis contains information for costs difference between the
recycled carbon fibre and virgin carbon fibre:

e In the automotive industry carbon fibre costs $5-$7/ Ib whereas recycled carbon
fibre is cheaper.

2-18


https://www.compositesworld.com/suppliers/MILLEDCA

e The low cost of conversion techniques for recycled carbon fibre makes it suitable for

use in injection moulding and composite manufacturing.

e Itleaves a very low carbon footprint at 10% of the global warming potential of virgin

carbon fibre.

e The products for reinforcement cost $8-$12/ Ib.

Mechanical properties of recycled carbon fibre from Gen2Carbon and Sigmatex are

presented in Table 2.2 and Table 2.3.

Table 2.2 Mechanical properties of Gen2Carbon recycled carbon fibre [14]

Tensile Strength MPa
Tensile Modulus CPa
Compression Strength MPa
Compression Modulus CPa
Flexural Strength MPa
Density g/m?*

300

30

180

300

1.06

200

20

170

£0

£10

In Table 2.2 the tensile modulus is a measure of an object’s stiffness or resistance to pulling

forces. The compressive modulus is the capacity of a material to withstand axially directed

pushing forces. When the limit of compressive strength is reached, materials are crushed.

2-19



Table 2.3 Mechanical properties of sigmaRF [15]

DMC5271265 %: sigmatex

e

Sigmatex Fabric Test Sheet
3656SM/-45°+45°/RecycIedCF:PP/45:55/1265mm/Low-Med Consolidation tapes

Property Test Method Units Nominal Value
Flexural Strength I1SO 14125 N/mm? 302
Flexural Modulus 1SO 14125 KN/mm? 27
Tensile Strength I1SO 527-5 N/mm? 360
Tensile chord Modulus @ 0.05-0.25% Strain SO 527-5 KN/mm? 27
Tensile chord Modulus @ 0.05-0.5% Strain SO 527-5 KN/mm? 27
Elongation at Break ISO 527-5 % 13
Heat Deflection Temperature ISO 75 °C 165
Charpy Impact @ 23°C 1SO 179-1/1€A KkJ/m? 47
Charpy Impact @ -30°C ISO 179-1/1€A KkJ/im? 40
Shore D Hardness SO 62 N/A 86
Density ISO 10119 gicm® 1.15

In Table 2.3 the flexural modulus is defined as a mechanical property that measures a
material’s stiffness or resistance to a bending action. The flexural strength, also known as
bending strength, or transverse rupture strength, is a material property, defined as the

maximum stress in a material just before it yields in a bending test.

Gen2Fibre keeps discovering new applications for recycled carbon fibre by collaborating
with several companies. One of these is automotive injection moulding company, Sanko
Gosei. The company replaced 30% glass fibre polypropylene compound with recycled
carbon fibre in an injection moulded headlamp support in. This allowed for an increase in

rigidity and a reduction in weight of 8%.

2.1.3 Glass Fibre Reinforced Polymers
Glass fibre reinforced polymers (GFRP) are produced though the extrusion of molten glass
at around 1250°C through holes with diameters of one or two millimetres in a spinneret. The

filaments are then drawn to produce fibres with diameters usually between 5 and 15 um [16].
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The spinnerets typically contain several hundred holes to allow for a strand of glass fibre to
be produced, most of which are chemically based on silica (SiOz2). E-glass fibre are the most
widely used glass for fibre reinforced composites whilst glass fibres with superior mechanical
properties are referred to as S-glass. C-glass is a chemically resistant variant of glass fibre.
Glass fibres are often coated with a protective coating known as size as they are easily
damaged through abrasion either because of contact with other fibres or machinery. Simply
put, the purpose of the size is to protect the fibre as well as hold the strand together [11].
The properties and compositions of the most common types of glass fibres are shown in
Table 2.4.

Table 2.4 Compositions (wt%), density and mechanical properties of glasses used in fibre
reinforcement production [11].

Glass type E S C
Si0o, 54 65 65
Al;O4 15 25 4
CaO 18 14
MgO 4 10 3
B,04 8 5.5
F 0.3

Fe;,04 0.3

TiO,

Na,0 8
K,0 0.4 0.5
Density 2.54 2.49 2.49
Strength at 20°C (GPa) 3.5 4.65 2.8
Elastic modulus at 20°C (GPa) 73.5 86.5 70
Failure strain at 20°C (%) 4.5 5.3 4.0

The wide adoption of glass fibre reinforcements is due to low cost and ease of production
as they do not require any extra specialised techniques to handle them. However, as
highlighted in Table 2.1 and Table 2.4, their low mechanical properties prevent them from
being used in components that require light weight and high strength features. Thus, it

becomes important to tailor the material properties for suitable applications [11].

2.1.4 Chopped Strand Mat Glass Fibre

Much like the recycled fibre, short strands of E-glass are randomly oriented and bound to
create a mat which can then be wetted out with resin. This allows them to be used for general
reinforcements for traditional fibreglass moulds as they provide excellent strand integrity and

display even strength consideration throughout all directions. Chopped strand fibres are
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comparatively less expensive and exhibit low potency compared to plain weave. Their

applications can be found in small mould and pattern making and partition boards [17].

S. Heckadka et al. [17] investigated the tensile, flexural, impact and inter-laminar shear
strength of chopped strand E-glass composites. Samples were fabricated using three layers
of chopped strand. Experimental results indicated that the three-layer arrangement resulted
in inferior impact strengths. However, maximum tensile strengths of 415 MPa was observed
alongside flexural strengths of 237 MPa was noticed. This was done at an achievable

average fibre content of 30%.

an

Figure 2.4 Chopped strand mat glass [18]

Figure 2.4 shows the random orientation of the CSMG fibre. In-plane shear failure properties
of chopped glass fibre-reinforced polyester by means of traction-compression biaxial testing
were experimentally investigated by Serna Moreno et al. [19]. Specimens with different
geometries and loading conditions were utilised to estimate failure modes. Results revealed
that loading conditions and composite geometry influenced stress strain failure fields. Dolati
et al. [20] compared impact strengths of composites fabricated with epoxy glass fibres in
three different forms, namely, unidirectional, plain weave, and chopped strand mat. They
observed that composites with chopped strand mat displayed superior resistance to damage
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extension when subjected to single and repeated high velocity impact test with ice
projectiles. A technical data sheet is not presented for the chopped strand mat glass as it is

not provided by suppliers.

The applications of carbon and glass fibre in composite structures known as sandwich

panels will be expressed in more detail throughout sections 2.2 to 2.4.

2.2 Sandwich Panels

Sandwich panels share the same features of being lightweight, and high strength with fibre
reinforced polymers as explained in section 2.1. They are assembled by placing a
lightweight core in between two fibre reinforced facesheet. The facesheets carry most of the
bending and in-plane loads while the core provides flexural stiffness and the out of-plane
shear and compressive strength [21]. Sandwich panels also possess additional features that
allows for application for a variety of purposes, among them are high flexural strength and
stiffness, high impact strengths and high resistance to corrosion [22]—[24]. The separation
the core provides in between the facesheets allow for increase in moment of inertia of the
panels with little increase in weight. This in turn produces a component that is efficient in
resisting flexural, and impact loads. As illustrated in Figure 2.5, the configuration of a
sandwich panel core materials can vary between a.) corrugated core, b.) foam core and c.)
honeycomb core [25].

Table 2.5 Example of structural efficiency of sandwich panels with regards to weight [25]

——— oo 2« T
:
Relative Bending Stiffness 1 7.0 37
Relative Bending Strength 1 3.5 9.2
Relative Weight 1 1.03 1.06

Table 2.5 illustrates the advantageous effect of sandwich panel for flexural strength and
stiffness compared to solid panels using typical beam theory, expressed with typical value
for facesheet core density. Researchers have observed that the overall strength and
stiffness of sandwich panels could be improved by increasing the thickness or density of the

core.
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(a)

(b)

(c)

Figure 2.5 lllustration of a.) corrugated, b.) foam and c.) honeycomb panels [25]

The connection between the facesheet and core, particularly foam cores, is often an area of
focus amongst researchers since the dominant failure mode of sandwich panels is face
sheet-core delamination [26]. Zenkert et al. [27] discovered that soft cores, rather than the
facesheets, contribute significantly to the working life of a panel through shear failure. Y. M.
Jen & Li. Y. Chang [28] confirmed this while carrying out flexural tests on three types of
aluminium honeycomb sandwich beams with different facesheet thicknesses. The
experimental results showed that there are no apparent relationships between the facesheet
thickness and the working life of the specimens. In the various applications sandwich panels
are used in, sandwich panels usually suffer from three-point bending failure, and impact
damage which causes a reduction in their load-bearing capacity and working life. For this
reason, the mechanical response of sandwich panels under three-point bending and low-
velocity impact damage has attracted extensive investigations over the last few years. As a
result, a variety of facesheet and core materials have been explored to enhance the damage
resistance of sandwich panels under both phenomena [29]. Sections 2.3 and 2.4 explain
further in detalil.
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2.3 Three-Point Bending on Sandwich Panels

Previous literature from researchers have stated that the overall mechanical response of
sandwich panels during three-point bending is dependent on the properties of the face
sheets stiffness, and strength properties of the core, as well as the adhesion between the
facesheet and core.

Compression and three-point bending performances of carbon fibre reinforced lattice-core
sandwich composites were investigated by H. Fan et al. [30] The three-point bending tests
were carried out at a loading rate of 2 mm/min. Experimental results revealed that debonding
failure dominated the mechanical behaviour of the sandwich structures due to their stiff
facesheets. After the rapid global debonding of one facesheet, the strength failure of the
other facesheets controls the final failure of the structure. Similar observations of facesheet
core debond were reported by H. E Balcioglu [31].The researcher studied the flexural
behaviours of natural sandwich composites produced using vehicle tires and natural jute
fibore woven fabric under three-point bending. The tests samples were dimensioned
according to ASTM C393 standards to determine facesheet bending stress, core shear
stress and facesheet bending. In context, the effect of granule diameter and core thickness
were experimentally investigated. Observations revealed that similar damage mechanisms
occurred in natural sandwich composites for the same type of load. Damage mechanisms
such as facesheet-core interface separation, facesheet material crack and core material
breakage in the samples progressed, respectively under the three-point loading.

The effect of span length and core composition on a panel’s performance under three-point
bending has been reported. B.Wang et al. [32] investigated the failure mechanism of
Polymethacrylimide (PMI) foam core sandwich panel in bending. The sandwich panels had
span lengths of 140 mm and 500 mm. Experimental work in agreement with theoretical
analysis showed that the PMI foam core sandwich panels failed by core shear for the
samples with 140 mm span length and face wrinkling turned out to be the principal failure of
the 500 mm span length panels. K. Toradmal et al. [33] carried out three-point bending
analysis on honeycomb structures fabricated with three different facesheets for application
in the railway industry. The facesheets used were stainless steel (SS-304), Aluminium (A
3003 H19) and Glass fibre reinforced polymer. Specimen geometry was in line with the
ASTM C393 standard with dimensions for the width 100 mm, is twice the total thickness 32
mm, and a length of 300 mm. At least three specimens were tested, and span length used
was 240 mm. The results revealed that the GFRP honeycomb structure would be more

suitable for application than the stainless-steel panel as it has a higher value for the ultimate
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failure load. Although the aluminium still had a relatively higher load, the 14.28% weight
reduction offered by the GFRP sandwich panel made it a better choice. The test results can
be found in Table 2.6.

Table 2.6 Test results [33]

Panel Ultimate load (N) | Average Ultimate Load (N)
SS-I 2240 2080
SS-li 2040
SS-llI 1960
AL-| 2480 2427
AL-II 2560
AL-11 2240
GFRP-I 2280 2147
GFRP-II 2080
GFRP-III 2080

On the effects of core composition, C. Kaboglu et al. [34] investigated the effects of varied
core density on the three-point bending and high-velocity impact loading properties on
sandwich structures. The sandwich panel consisted of three layers of closed cell poly(vinyl
chloride) (PVC) foam to form the core and the facesheets were GFRP composites. Each
cell had a density ranging from 60 to 100 kg/m3. Experimental findings revealed that under
three-point bending, the use of low-density cores decreases the likelihood of failure of
sandwich structures by sudden force drop. An experimental study by I. M. Daniel et al. [35]
was conducted on the behaviour of composite sandwich beams under four-point and three-
point bending. The sandwich beams were manufactured using unidirectional carbon/epoxy
facesheets and aluminium honeycomb/foam cores. Experimental findings revealed that the
bending behaviour of the was governed by the facesheets. However, when shear failure
was present, failure of the honeycomb was governed by the low core strength. In the case
of the foam core beams, indentation failures were controlled by the flexural stiffness of the

facing and compressive core strength.

The four main observed modes of collapse identified for sandwich beams under three-point
bending are: (i) face yield or face microbuckling, (ii) wrinkling of the compressive facesheet,
(iii) core shear, and (iv) indentation beneath the loading rollers, are illustrated in Figure 2.6
[36].
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Figure 2.6 failure modes of sandwich panels in three-point bending [36]

Analytical expressions for each collapse mode have also been established by previous
researchers to be used to predict sandwich panel three-point bending collapse loads [36].

They are expressed as:
Microbuckling:

4o:btrd
it
P=—
L
Where P is the applied load, L is the span length, o5 is the microbuckling strength due to

Eq(2.1)

compressive stress, tr is the facesheet thickness, b is the sandwich width and d is the

sandwich thickness.

Core shear:
P
= Eq(2.2
T, 206d) q(2.2)
Where 7. is core shear.
Face wrinkling:
2bted
=7’ IE EG, Eq(2.3)

L
Where E, the cores axial moduli, Ef is the facesheets young modulus and G, is the cores

shear moduli.

Indentation:

1
n?ofEsd /3
— g e i Eq(2.4)
o (£25)

Where o, is the compressive shear strength.
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Theoretical expressions have been proposed to determine the mid-span deflection of
sandwich panels during bending. This has been done through a modification of the equation

used for a beam under loading at is centre given in Eq(2.5):

_ P
 48EI
Where § is the deflection, P is the applied load, L is the span length of the beam, EI

P Eq(2.5)

(otherwise known as D) is the flexural rigidity of the beam.

In the case of a sandwich panel under three-point bending, the sum of mid-point deflection
is due to the bending of the face sheets and the shear of the core:

_PLPL
T 48D 4AG
Where A is the area of the core, and G is the shear modulus of the core.

s Eq(2.6)

The flexural rigidity of the facesheets can be found using the parallel axis theorem and is

combined with the rigidity of the core in Eq(2.7).
E;btrd®> Efbt} E.bc3
e b i liadi c
b=—"m—t7% 1
Where Ef is face sheet youngs modulus, E. is the cores young modulus, b is the width of

Eq(2.7)

the panel, d is the distance between the centroids of the face sheets, c is the thickness of
the core.

The core shear rigidity AG is given in Eq(2.8).

B bd*G
a Cc
The first term in Eq(2.7) is the stiffness of the facesheets about the centroid. The second

AG Eq(2.8)

term is the stiffness of the facesheets about their centroid. The third is the stiffness of the

facesheets about the centroid of the beam [36].

The theoretical expression to calculate the maximum core shear stress in sandwich panels
during three-point bending have been discussed in different papers. J. Arabaoui et al [37]
investigated the effect of the core thickness and intermediate layers on the mechanical
properties of a polypropylene honeycomb sandwich panel. The investigation led to the
formulation of a method to calculate the shear stress of a core during bending. The method
alongside the utilised ASTM standard for three-point bending (ASTM C393/C393 M) are
presented in Table 2.7.
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J. Mei et al [38] carried out three-point loading tests on empty and foam filled CFRP X-core
sandwich panels with three different thicknesses. A rectangular crosshead of width 16 mm
was used to apply load onto the sandwich panels at a rate of 2 mm/min. The theoretical
expressions in Eq(2.6), Eq(2.7), Eq(2.8) were used for the prediction of the bending
stiffness, initial failure load and were found to be in good agreement with finite element

models as well as experimental outcomes.

Table 2.7 Theoretical equations for maximum core shear stress

Paper Maximum core shear stress
(Arbaoui, 2014) . P
max = 2(bd)
(ASTM- ASTM C393/C393 M) . P
max T (d +c)b

Where 1 is the core shear, P is the maximum applied load, b is the sandwich width, d is the

sandwich thickness, and c is core thickness.

In summary of chapter, the key factors influencing a panels behaviour under three-point
bending are facesheet stiffness, core strength, span length and core composition.
Theoretical expressions have been developed for three aspects of a panel under three-point
bending: the four main failure modes, the determination of the mid-span deflection of a panel
and the maximum core shear stress. It is therefore important to select suitable panel

materials that satisfies each factor according to its final application.

2.4 Impact Damage of Sandwich Panels

Impact damage can occur during all phases of a panel’s life cycle, e.g., during production,
service, and use [39]. The purpose of an impact tests is to simulate the damage resistance
of a sandwich panel under various conditions such as hailstorms, dropped work tools or
even the floors of transport vehicles. Previous studies have indicated that impact damage
initiation is not just dependent on the panel support conditions but the material properties
and geometry of the core [40]. It is also noted that when a sandwich panel undergoes impact
damage, the core provides necessary traverse shear resistance, separation and fixing of the
facesheets, as well providing other features such as carrying in-plane loads, heat insulation
and impact energy absorption [41]. Kim and Jun [42] investigated the effects face layup and
core density on the delamination area. The sandwich panel was made of graphite/epoxy
facesheets and Nomex honeycomb core. The observations revealed that the higher the core

2-29



density the smaller the delamination area other than a lower density core for the same level

of absorbed impact energy.

Generally, during impact loading, the core is responsible for majority of the impact energy
absorption. R. Ouadday et al. [43] combined an experimental and numerical approach to
characterising the behaviour of dual core sandwich panels composed of glass fibre
reinforced epoxy facesheets and alumina trihydrate-filled epoxy and extruded polystyrene
foam core. For all impact energies applied, the dual core sandwich panel was found to
absorb 50% of all energies. More so, foam compression was found to be the main impact
energy absorption mechanism. Y. Zhang et al. [44] investigated the dynamic mechanical
behaviour and energy absorption characteristics of aluminium honeycomb sandwich panels
(AHSPs) under repeated impact loading. With the increase in repeated impact, the integral
folds of the honeycomb core increased as well as the buckling areas which led to the
honeycomb core compression and finally densification. This proved that the energy
absorption performance of AHSPs under repeated impact can be efficiently regulated by the

wall thickness as well as length of honeycomb.

The damages observed on a panel under low-velocity impact can range from barely visible
damage to full panel penetration. Therefore, to carry out full investigation of sandwich
panels, key impact data such as maximum contact force, contact time, deflection at peak
load, energy absorbed, and impact velocity are used to analyse the impact damage
characteristics of sandwich panels. K.B. Shin et al. [45] observed these parameters rise with
impact energy when carrying out experimental study of low-velocity impact response on
sandwich panels that are prime candidates for the structural materials of body-shell and floor
of the Korean low floor bus. J.A Artero-Guerrero et al. [46] states that Peak force, coefficient
of restitution, maximum displacement and residual stiffness plots are a function of impact

energy alone and neither impact velocity or impact or mass.

To carry out low-velocity impact tests, the ASTM D7136/7136M — 12 standard is often
referenced in previous works as it specifies the specimen geometry alongside the ideal
fixture for the test. Figure 2.7 and Figure 2.8 illustrates the required fixture support for the

test as well as sample size.
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Test Specimen

Rubber Tip
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Cut-Out, 75+ 1 mmby 125+ 1 mm, 6 mm
minimum depth (can extend through base)

Toggle Clamp

Fixture Base, 300 mm by 300 mm
minimum recommended
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Notes
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unless ctherwise specified.
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Test Method D 7137/D 713TM.
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Figure 2.8 Drop-weight impact test specimen [47]

Following the law of conservation of energy, the total energy during an impact event is
constant, which is the kinetic energy of the impactor. At the start of the test the gravitational
energy is converted into kinetic energy and then reduces as it being absorbed by the panel.
Theoretical expressions for the energy absorption are describes as [48]:

E,= E}-—ER = MgAH = Mg(H,; — Hy) Eq(2.9)
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Where E, is the absorbed energy, E} is the kinetic energy of the impactor, EX is the impact
rebound kinetic energy of the impactor, M is the impactor mass, g is the acceleration due to

gravity, H;, Hg are the initial and rebound heights of the impactor respectively and AH is the
gap height of the impactor [48].

The formula for the kinetic energy Ey, based on the mass of the striker is expressed as:

1

E} = Emulz = MgH, Eq(2.10)
1

ER = Emv,% = MgHg Eq(2.11)

Where v is the impactor velocity, and m is the impactor mass.

6 . - -
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Ex = MVj ——— Core
- = = = -Top facesheet
4.5} Kinetic energy | —---—- Bottom facesheet
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Energy(J)
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Ef = I;MI £
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Figure 2.9 Energy conversion history [48]
An illustration of Eq(2.9), Eq(2.10), and Eq(2.11) for the energy conversion history during
impact has been presented in Figure 2.9, for an experiment carried out by D. Zhang et al. at

impact energy of 3.81 J [48]. Anillustration of elastic and dissipated energy during an impact
even is given in Figure 2.10 [43].
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Figure 2.10 Typical energy-time curve of sandwich panel under impact [43]

Core deformation and facesheet failure are decisive factors for the energy absorption
capability of sandwich structures. The failure mechanism a core can exhibit under impact
loading can be noted as cell wall buckling, core crushing and traverse cracking. V. Crupi et
al. [49] analysed the failure modes in aluminium honeycomb sandwich panels under bending
and impact loading with different cell sizes. Tomographic investigation shows that the
collapse of the honeycomb panels occurs for progressive crumpling of cell walls due to the
phenomenon of buckling. Ugale et al. [50] compared the impact responses of glass fibre
reinforced polymer (GFRP) thin sandwich panels and carbon fibre reinforced polymer
(CFRP) thin sandwich panels with polyester foam Coremat XM. The CFRP thin sandwich
panel was penetrated under the applied impact energy of 18J while the GFRP thin sandwich
panel was not penetrated because of its higher elastic deflection and lower stress. A
summary of facesheet failure modes during impact testing are illustrated in Figure 2.11.
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Figure 2.11 Commonly Observed Damage Modes during impact testing [47]

In summary, sandwich panel impact damage can occur during its production and life cycle.
During an impact event, the density and material of the core have been reported to influence
the energy absorption mechanisms of a panel. Core compression, buckling, facesheet
penetration and barley visible damage are commonly observed failure modes under impact
loading. Theoretical expressions have been developed to analyse the law of energy
conservation and energy absorption during an impact event. It is therefore important to
ensure suitable sandwich panel materials are selected to withstand impact damage

according to its application.

2.5 Literature Summary and Gap

A recurring trend from previous literature reveal that carbon fibre reinforced composites
(CFRP) tend to generally be stiffer and offer higher strengths than glass fibre reinforced
composites (GFRP). New developments in the manufacturing techniques for both carbon
and glass fibre have encouraged a diverse range of application and gradual adoption for
their utilisation for the fabrication of sandwich panels. Growing concerns about the large
amounts of fibre cut-off waste have led to innovative methods to producing recycled carbon
fibre (RCF) and chopped strand matt glass fibres (CSMG). The configuration of a sandwich

panel has been noted to be beneficial to the overall damage resistance of both fibres when
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laminated as the core aids in absorbing the loads transferred unto the top facesheet.
Experimental observations for both three-point bending, and impact damage reveal that
sandwich panels fabricated with carbon and glass fibre exhibit failure modes that depend on

the configuration used for the loaded facesheet and core.

Constant research effort has been put into the optimisation of fibre reinforced sandwich
panels for better mechanical performance but their increased application, and adoption
across industries translate to increased fibre cut off waste. With growing environmental
concerns about fibre waste generation, it becomes important to investigate the mechanical
behaviour of RCF and CSMG in sandwich panel configurations. This stems from a significant
lack of information from previous literature for experimental data on randomly oriented fibre
reinforced sandwich panels. This thesis aims to address this gap by experimentally testing
recycled carbon fibre and chopped strand mat glass in a sandwich panel configuration under

three-point bending and low-velocity impact.
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CHAPTER 3: PANEL FABRICATION AND
EXPERIMENTAL METHODS
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3 PANEL FABRICATION AND EXPERIMENTAL METHODS

3.1 Materials

The facesheets used for the sandwich panels investigated in this paper were 300 gsm
Carbiso™ M recycled carbon fibre (RCF) acquired from Gen2Carbon ( formerly known as
ELG), and 300 gsm chopped strand mat glass (CSMG) fibre acquired from
EasyComposites. RAVATHERM extruded polystyrene (XPS) H LB foam was the material
choice for the core. The resins that were used for fabrication were IN2 Epoxy infusion resin
that was mixed with AT30 slow hardener. The properties of both fibres are presented in
Table 3.1.

Table 3.1 CSMG and RCF properties

Tensile strength | Tensile modulus | Flexural strength | Flexural modulus
(MPa) (GPa) (MPa) (MPa)
CSMG 108 7.8 204 6770
RCF 300 30 300 -

Figure 3.1 Image of both RCF (ai., aii.) and CSMG (b i., b ii.) matts alongside their microscopic
images

As shown in Figure 3.1, both fibres are random by design. CSMG facesheets have wider
industrial application due to the fibres low cost. The RCF facesheet was chosen for
comparative analysis to explore how a randomly oriented carbon composite would fare

against a randomly oriented glass composite under three point and impact loading.
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3.2 Panel Fabrication

Both RCF and CSMG panels were fabricated through Vacuum Assisted Resin Infusion
(VARI). All infusion was carried out using just the vacuum bag as the mould. In doing so,
the contents in the bag are held tightly together due to equal crumpling of the bag at the top
and bottom under vacuum allowing for maximum pressure to be applied. This approach was
adopted because it was observed to significantly reduce the time looking for of air leaks
around the mould. It also allows for even surface finish of the panels and saves costs as it
eliminates the need to apply a mould release agent or acetone for mould cleaning. This also

meant easy removal of laminate after curing.

The materials used for laying-up the sandwich panels were vacuum bag as the mould, 2-
flow media mesh sheets, 2 peel plies, two layers of breathers, two spiral tubes for the inlet
and outlet pipes. As shown in Figure 3.2, The layup sequence was as follows: vacuum bag
+ 1 layer of flow media mesh + 1 layer of peel ply + 2 layers of facesheet + core. The reverse
order of the peel ply, flow media mesh and vacuum bag was applied before sealing the
mould with vacuum sealant tape, ensuring enough space for the inlet and outlet connectors.
Before infusion, the epoxy resin and hardener are mixed in the ratio 100:30 as
recommended by the manufacturer. The calculations below were used to determine the

resin : hardener ratio.

100+30
100

W =+ ( ) =R Eq(3.1)
W-R =H Eq(3.2)
Where W is the amount of mixture required, R is the amount of resin and H is the amount of

hardener.

Vacuum

RCF
XPS Core

Peel ply

Breather

Figure 3.2 Sandwich panel layup sequence
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Once the epoxy and hardener are mixed, they are then degassed for approximately 15 mins
at 1 bar before infusing the mixture into the sandwich panels. Two sets of panels were
fabricated using; 1.) non-standard ASTM C393 and 2.) ASTM D7136. Further explanation
as to why is given in section 3.3. The amount resin required for both panels are presented
in Table 3.2. For every infusion run, an extra 150 g was added into the mixture to account

for resin that would be absorbed by the peel ply, flow media mesh and inlet / outlet pipes.

Table 3.2 Amount of resin used per panel. (ns: non — standard)

Panel Resin (g) | Hardener (g) | Total (g)
ASTM C393 | RCF 384.6 115.4 500
(ns) CSMG 269.23 80.77 380
ASTM D7136 RCF 307.7 92.3 400
CSMG 215.38 64.42 280

Once the mixture is degassed, the vacuum pump is used to apply a pressure of 1 bar through
a catch pot before the inlet pipe is opened to draw resin into the bag as shown in Figure 3.3.
Upon completion of the process, the laminate was cured at room temperature for 24 hrs as
recommended by the technical data sheet provided for the Epoxy. Post curing of the
laminate was done in a ThermoScientific oven at 60 °C for 30 mins as a compromise instead
of 6 hrs to avoid heating up and melting of the core. Throughout each fabrication, two
facesheets of both RCF and CSMG are used at the top and bottom.

Vacuum pump Catch pot

Inlet pipe

Figure 3.3 Sandwich panel undergoing infusion.
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3.3 Experimental Methods

There are two ASTM standards used for panels dimensions. The first is the non-standard

ASTM C393 which is used to fabricate the same size of panels for three-point bending and

impact samples used to develop a fatigue guideline. The second is the ASTM D7136

standard. This standard was used to analyse the damage response of standard impact size

samples under increasing impact energy. The samples are cut-out to required testing size

from a large laminate using the Brilliant ATAI 420 machine displayed in Figure 3.4. The

sample dimensions are presented in Table 3.3.

Table 3.3 Sample size of cut-out samples for tests

Standard Sample size (mm) | No. of panels
RCF

Non-standard ASTM C393 150 x 30 x 22 5
(Bending / Impact)

ASTM D7136 (Impact) 150 x 100 x 22 3

CSMG

Non-standard ASTM C393 150 x 30 x 17 5
(Bending / Impact)

ASTM D7136 (Impact) 150 x 100 x 17 3
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Figure 3.4 a.) Brilliant ATAI 420 cutting machine, b.) RCF, and c.) CSMG sandwich panels ready
for cutting.

Sample ID is derived as F-X-N where F is either recycled carbon fibre or the chopped strand
glass mat where applicable, X is the experimental test and N is the sample number. The
side of the cores for the non-standard samples were marked with gridlines to help with
positioning of the samples on the equipment fixtures to reduce reliance on eye positioning.
Figure 3.5 shows the cut and marked out samples.
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Recycled Carbon Fibre Sandwich panel

Figure 3.5 Gridlines on cores of a.) RCF and b.) CSMG sandwich panels
Microscopic images were taken using Nikon ShuttlePix P-MFSC stereoscopic microscope
with a magnification range from 0.75x to 11. The experimental methods for each experiment

are presented in sections 3.3.1, 3.3.2, and 3.3.3.

3.3.1 Fibre Content

The fibre volume fraction of fibres in a composite laminate is derived from the fibre to resin
weight ratio. The properties of a composites are controlled by the relative volume of fibre
and matrix. By the design of composite structures, volume fractions are used because they
can enter directly in the computation of mechanical properties such as stiffness and Young’s
modulus [51]. The BS ISO 14127:2008 standard was used for the methodology for the fibre

volume fraction.

ET%‘ |OS UP ”

Figure 3.6 a.) High performance microwave digestion system, b.) tubes containing samples.
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Small cut-outs of the samples were put into the tubes in Figure 3.6b with Nitric acid, extra
pure, 60% solution before putting them into a High-Performance Microwave Digestion
System as shown in Figure 3.6a. As recommended by the standard, the specimens were
placed in the microwave for 1hr 30 mins at 120 °C. Once the digestion cycle is complete the

samples are then repeatedly washed in a conical flask until the acid has been removed as

shown in Figure 3.7.

55‘&)
B

Figure 3.7 a.) Yellow liquid indicating the fibre requiring more washing, b.) clear liquid indicating the
fibre is fully clean.

The following equations were used for the volume fraction calculations-
Fiber reinforcement (Wr):

Wr = (Mf/ Mi) x 100 Eq(3.3)

Where M; = initial mass of the specimen and Mr = final mass of the specimen after digestion.

Fibre Content (Vy):
Vi = (Mt / Mi) x 100 X pc/pr Eq(3.4)

Where pr = density of the reinforcement, g/cm? and pc = density of the specimen, g/cm?.

Matrix Content (Wm)

Wm = (Mi — Mf)/Mi x100 Eq(3.5)

Matrix Content, (Vm):
Vim = (Mi X Mf)/Mi x pc/pm x 100 Eq(3.6)

Where pm = density of the matrix, g/cm?3

Void Volume, (W):
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Vv =100 — (Vr +Vm) Eq(3.7)
For this test, specimens were obtained from different places from one panel. Results for the

fibre volume fraction are discussed in section 4.1.

3.3.2 Three-Point Bending Tests

The samples tested under three-point bending were fabricated according to
recommendations of the non-standard ASTM C393. The three-point bending tests were
carried out using the Tinus Olsen H50KT Universal Testing Machine. As displayed in Figure
3.8 b, the sandwich panel is fixed on top of two roller supports that measure 35.06 mm in
width and 9.95 mm in diameter. The machine is also equipped with a 5kN load cell which is

used to apply force on the sandwich panels.

The machine can send data directly to the Tinus Olsen Horizon software located on a
monitor that is connected to the machine. When the software collects data from the machine,
it analyses it and displays results on a force deflection curve in real time whilst the sample
is being loaded. The ‘Method Editor’ setting on the software was used to set a controlled
displacement rate of 3 mm/min as recommended by ASTM C393. The setting was also used
to alert the software to stop the machine loading sandwich panels once the specimens broke
and there was a sudden drop from of the peak force. Prior to executing the tests, the force
and deflection readings on the software were zeroed as the crosshead is manually lowered
as accurately as possible unto each of the specimens using the control keys on the machine

as shown in Figure 3.8 c. This is done to avoid adding any preload reading into the results.
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Figure 3.8 a.) Tinus Olsen H50KT Universal Testing Machine, b i.) Load Cell, b ii.) Crosshead b iii.)
Sandwich panel placed on supports, c.) Control keys.

3.3.3 Low-velocity Impact Tests

There are two sets of panels fabricated for impact testing. The first set are fabricated using
ASTM D7136. These will be tested at 10, 20 and 30 J to analyse the progression of impact
damage in standard size samples. The second set are fabricated using the ASTM C393
standard and impacted at 4.5 J. These samples will be used to develop parameters for
fatigue after impact test which is further discussed in section 5. The ASTM C393 standard
was selected as it is commonly referenced when investigating sandwich panel fatigue in a
bending configuration. Parameters such as drop height and impact velocity are automatically
calculated by the machine software and have been verified using Eq(2.10) from section 2.4.
Table 3.4 contains the input parameters used for the low-velocity impact tests for both non-
standard and standard samples.
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Figure 3.9 Instron CEAST 9340 drop tower impact system

Low-velocity impact tests are carried out at room temperature using the Instron CEAST 9340
drop tower. The impact machine is connected to a monitor where test data is recorded and
analysed. Test results are acquired by a DASK64K data acquisition system which is
connected in-between the monitor and impact machine. A hemispherical impactor of 16mm
in diameter and nominal mass of 3.265 kg was used. The sandwich panels were placed on
a fixed height specimen support with dimensions of 76 x 127 mm. The machines software
allows in obtaining impact characteristics of the test such as: total time of impact, the
displacement of the impactor and the measurement for the peak force during impact. Hence,
force-time, force-displacement and energy-time curves were easily obtained. An anti-
rebound mechanism was applied through the software to avoid multiple impacts on the

sample after the initial drop.
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Table 3.4 Parameters used for low velocity impact tests.

Non-standard samples
Impact velocity | Impact energy | Drop height
(m/s) ) (mm)
1.65 4.5 260
Standard samples
2.48 10 312
3.50 20 625
4.29 30 937
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CHAPTER 4: RESULTS AND ANALYSIS
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4 RESULTS AND ANALYSIS

Due to the difference in thickness between the RCF and CSMG sample at 22 and 17 mm
respectively, for comparative purposes, the difference in inertia of the panels is ignored. The
experimental results obtained are discussed in this chapter. Firstly, the fibre content for both
RCF and CSMG panels are presented and discussed. Secondly, three-point bending results
for the RCF and CSMG panels are presented. Following this, results for the samples tested

under low-velocity impact are presented.

4.1 Fibre Content

As the panel fabrication method was kept consistent for all the panels, five randomly
selected RCF and CSMG specimens were cut out and tested for their fibre volume content.
High fibre content in composite structures is usually desirable as it translates to good
mechanical performance. The average fibre volume content that was achieved for the RCF
and CSMG specimens at 300 gsm are presented in Table 4.1. The values for void content
have not been included due to a high uncertainty of the theoretical values for laminate

density used for calculation which led to error in final values.

Table 4.1 Average fibre volume content for RCF and CSMG panels

Panel RCF CSMG
Avg. fibre content (%) 32+6 | 53.6%7

As seen in Figure 4.1, the RCF specimens took up more resin than the CSMG specimens
as they have a lower value for the fibre content. The values can be analysed using a
theoretical expression “(R/r)” by M.E. Messiry on the effects of the ratio of fibre spacing (R)

to fibre radius (r) on fibre volume fraction in a laminate [52].

1 -
0.9 -
0.8 -
0.7 -
0.6 -
0.5 +
0.4 -
0.3 ~
0.2 1
0.1 -

0

Fiber Volume Fraction

1 2 3 4 5 10 20 30 40 50
(R/r) Ratio

Figure 4.1 fibre volume fraction VS spacing ratio (R/r) [52]
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As shown in Figure 4.1, an increase in spacing ratio causes a decreases in the fibre volume
fraction. Therefore, it can be assumed that the spacing ratio in the RCF samples are higher
than the CSMG samples.

Due to the difference in the fibre volume fraction of the RCF and CSMG specimens, data
obtained for three-point bending and impact will be normalised at 50% of the fibre volume

fraction for comparison.

4.2 Three-point Bending Tests

The RCF and CSMG samples tested under three-point bending all share the same span
length of 100 mm. The failure modes and experimental results for the RCF and CSMG
samples are presented and discussed in section 4.2.1 and 4.2.2. A comparative summary
is then presented in 4.2.3. During three-point bending, the stresses experienced in a panel
causes the core to exhibit shear failure as this component typically has a significantly lower
modulus than the facesheet. Hence, the stresses for the facesheet and core are calculated
separately. An illustration for the parameters required for calculating facesheet and core

stress are presented in Figure 4.2.

b\ LY L el [ 7y L iz ‘LF-'

| L |

Figure 4.2 Parameters required for calculating sandwich panel stress.

The equations for both are outlined in ASTM D7249 and ASTM C393 respectively and are
described as:

Facesheet stress (ASTM D7249) [53]:

FU — PmaxL
17 2(d + o)bty Eq(4.1)
PraxL
FY — ___max” Eq(4.2
2 2(d + c)bt, a.2)
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Where F* is the upper facesheet ultimate stress, F}' is the bottom facesheet ultimate stress,
P.ax 1S the maximum force before failure, L is the panel span length, d is the sandwich
thickness, c is the core thickness, b is the width, t; is the thickness of the top facesheet and

t, is the thickness of the bottom facesheet.
Core shear stress (ASTM C393) [54]:

I
fmax = T b

Where t,,,, IS the maximum core shear stress.

Eq(4.3)
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4.2.1 RCF Panels

Fac_egh%et fracture

RCF-3PB-5

Figure 4.3 RCF samples post-loading.

As seen in Figure 4.3 sample RCF-3PB-1 up to samples RCF-3PB-3 display visible top
facesheet indentation and fracture failure. Although sample RCF-3PB-4 and RCF-3PB-5

appear to exhibit only indentation of the top facesheet, microscopic imaging reveals matrix
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and fibre crack at the centre of the panels. Minimal core crushing is also observed for all the

RCF panels.

a.)
1200 ——RCF-3PB-1

— RCF-3PB-2
1000 e

/ RCF-3PB-3

BOO —— RCF-3FB-4
—— RCF-3PB-5

Force (M)

Elastic region

2 4 6 B 10 12

Deflection (mm)

b.)
600
500
200
3
5 300 —  RCF-3PB-1
(=
S — RCF-3PB-2
200 RCF-3PB-3
100 — RCF-3PB-4
—  RCF-3PB-5
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Deflection (mm)

Figure 4.4 a.) Force-deflection curves for RCF samples, b.) Elastic region of RCF panels

As seen in Figure 4.4a, when the load is initially applied onto the RCF specimens, their
force-displacement curves appear to display an almost non-linear start. At 100 mm span-
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length, an observable specimen failure mode during each test was notably the sound of
crack propagation initiating at the top facesheet within 440 N — 600 N of loading. This
continues until the ultimate failure force within 1070 N — 1130 N for the RCF. At this point,
the top facesheet of the RCF samples are observed to fail by fracture into the core.
Throughout each test the bottom face sheet remained slightly indented but still intact. The
results for the ultimate force and maximum deflection of the samples are presented in Table
4.2,

Table 4.2 Results for: maximum deflection (6,,,,), ultimate force (F,;;), facesheet stress (F* & F})
and core shear stress (7,4, ) for RCF panels

Panel Omax (MmM) Fuie (N) F & F} Core Tyax
(MPa) (MPa)

RCF-3PB-1 10 1070 11.9 1

RCF-3PB-2 10 1070 11.5 0.9
RCF-3PB-3 10 1130 10 0.8
RCF-3PB-4 8.96 1110 12 1

RCF-3PB-5 9.52 1108 11.2 0.9

Average 9.70+ 0.5 1097.6 +26 | 11.32+£0.8 | 0.92+0.08

An estimate of the elastic region in Figure 4.4b of the RCF samples is obtained from the

region highlighted by the blue box in Figure 4.4a. The samples reach their limit of elasticity

after which the move into plastic deformation and eventually fracture.
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4.2.2 CSMG Panels

Facesheet core
debond

Figure 4.5 CSMG samples post bending
The failure modes observed for samples CSMG-3PB-1 to CSMG-3PB-5 are indentation and

fibre pulling of the top facesheet, core crushing, bottom facesheet indentation and core
facesheet debonding as highlighted for the microscopic images for CSMG-3PB-4 and
CSMG-3PB-5.
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Figure 4.6 a.) Force-deflection curves for CSMG samples, b.) Elastic region of CSMG panels

In Figure 4.6a, the initiation of facesheet fracture in the CSMG panels start after 258 - 305N
of loading. Following this is plastic deformation in the form of indentation of the top face
sheet and crushing of the core in the region highlighted in yellow. The tests for the CSMG
samples were programmed to stop loading just before 25 mm deflection as the ductile nature
of the CSMG fibre would allow for continuous deformation of the panels. The results for the

ultimate force and maximum deflection of the samples are presented in Table 4.3.
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Table 4.3 Results for: maximum deflection (6,,,,), ultimate force (F,;;), facesheet stress (F* & F3')
and core shear stress (t,,4, ) for CSMG panels.

Panel Omax (MM) Fuie (N) F*&F} (MPa) Core T,4, (MPa)
CSMG-3PB-1 24 476 15 0.3
CSMG-3PB-2 24 420 15 0.3
CSMG-3PB-3 23.7 482 16.3 0.3
CSMG-3PB-4 23.5 398 14.4 0.3
CSMG-3PB-5 24 395 11.2 0.2
Average 238+ 0.2 434.2 £ 42 1438+ 1.9 0.28 +0.04

On average the ultimate force for the RCF samples is about twice that of the CSMG samples.
on the other hand, the maximum deflection of the CSMG panels is about twice that of the

RCF panels.

4.2.3 Comparative Summary
A graphical comparison for the average force, deflection, and stress values for both the RCF
and CSMG panels can be found in Figure 4.7. From this, a few points can be drawn:

e The RCF panels can withstand double the applied force of the CSMG panels in Figure
4.7a. However, due to the ductile nature of glass fire, the CSMG panels can bear the
applied force at twice the deflection of the RCF panels in Figure 4.7b.

e The CSMG panels having greater value for deflection also mean that their facesheets

would undergo higher stress than the RCF panels as shown in Figure 4.7c.

In Figure 4.7d the average core shear stress for both panel groups can be explained using

the visual observations in Figure 4.3 and Figure 4.5:

e The high stiffness in of the RCF facesheet mean that it is likely to slide over the core
causing it to shear than crush it as seen in Figure 4.7d. This is highlighted in Figure
4.3 where the vertical lines on the core appear slanted at an angle.

e The stiffness of the CSMG facesheets are so low that during three point loading the
core crushing becomes the dominant failure mode of the CSMG panels. Hence a low
value for the core shear stress. This is evident throughout Figure 4.5 as the horizontal

gridlines curve upwards.
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Figure 4.7 Average comparison of a.) force and b.) deflection c.) facesheet stress and d.) core
shear stress

The normalised values for the average ultimate force, average facesheet stress and average
core shear are presented in Table 4.4. As shown in Table 4.4, at 50% normalised fibre
volume fraction, the RCF panels still have higher strengths and core shear than the CSMG

panels.

Table 4.4 normalised three-point bending data.

Panel | F,;; (N) @ | FffandF} (MPa) | Core T4, (MPa)
50% FVF @ 50% FVF @ 50% FVF

RCF 1715+ 20 17.7+0.7 1.43 +£0.07

CSMG | 405+ 37 134+1.7 0.26 £ 0.04
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4.3 Impact Tests

As mentioned previously in section 3.3.3, the samples in this section are fabricated to assess
the impact damage progression of RCF and CSMG panels at 10, 20 and 30 J of impact
energy. Three samples of RCF and CSMG were fabricated with total thickness of 22 and 17
mm respectively and cut to measure 150 x 100 mm as recommended by ASTM D7136. The
failure modes and experimental results per impact energy for each sample are presented
and discussed in section 4.3.1 through to section 4.3.4. (Note: the Sl in the specimen ID in

section 4.3.1 to 4.3.4 means Standard size Impact panels.)

4.3.1 Samples Tested at 10 J

» Q‘—?—‘ — ¥
~Matrix cracking & fibre

e

Figure 4.8 a.) Top facesheet view with microscopic image and b.) cross sectional view with
microscopic image of impacted RCF panel at 10 J

As shown in Figure 4.8a, RCF-SI-1 panel exhibits barely visible damage at 10 J. Closer
observation in the microscopic image reveals matrix cracking and fibre fracture at the area

of impact. The crack also propagates through RCF-SI-1 facesheet as shown in the cross-
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sectional view and microscopic image in Figure 4.8 b. Both core and facesheet also appear
to be intact.

Figure 4.9 Impacted CFRP sample exhibiting fibre fracture at 10 J[55]

Similar observations for the top facesheets impacted at 10 J have been made by W. He et
al in Figure 4.9, on CFRP sandwich structures of similar dimensions with aluminium

honeycomb cores [55].

Figure 4.10 Top facesheet view with microscopic image and b.) cross sectional view with
microscopic image of impacted CSMG panel at 10 J
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At 10 J, the CSMG damage area and fibre fracture is more apparent on the top facesheet in
Figure 4.10a. The cross-sectional view of the top facesheet in Figure 4.10b exhibits
indentation along with fibre fracture and matrix cracking highlighted by the microscopic
image. Just like the FRP panels, both core and facesheet for the CSMG panels remain

intact. RCF-SI-1 generally Force-displacement, Force-time, and Energy-time curves of

follow similar profile of tested CFRP samples by H. We et al [55].
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Figure 4.11 Force-displacement curve for RCF-SI-1 and CSMG-SI-1 at 10 J

Figure 4.11 shows the combined force-displacement curve for RCF-SI-1 and CSMG-SI-1.
At 10 J, CSMG-SI-1 is impacted at almost twice the displacement than RCF-SI-1 but at a
lower force. The impact force for the RCF-SI-1 rises much quicker than for CSMG-SI-1 at

approximately 600 N.
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Figure 4.12 Force-time curve for RCF-SI-1 and CSMG-SI-1 at 10 J
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Similarly, in Figure 4.12 RCF-SI-1 reaches its peak displacement quicker than its force-time
history is smaller than that of CSMG-SI-1. The loading during the impact event also happens
for a shorter time for RCF-SI-1 that CSMG-SI-1.
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Figure 4.13 Energy-time curve for RCF-SI-1 and CSMG-SI-1 samples at 10 J
During testing for RCF-SI-1 and CSMG-SI-1, the impactor rebounded before the anti-
rebound system in the machine kicks in to stop it. As seen in Figure 4.13 the overall energy
appears to be absorbed and the prolonged plateau for CSMG-SI-1 is related to further
expansion of fibre breakage and matrix cracking for the top facesheet. Hence, it absorbed

more energy than the RCF-SI-1.
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4.3.2 Samples Tested at 20 J

Eéceéhéeﬁ'b_e’he’tﬁétidn_-__‘:-»

Figure 4.14 Top facesheet view and b.) cross sectional view of impacted RCF specimen at 20 J
At 20 J the top facesheet of the RCF-SI-2 in Figure 4.14a gets penetrated by the impactor
with the damage area almost having the same diameter as the impactor at 17 mm. In the

process of impactor penetration, the core also gets crushed with internal damage of
approximately 33mm in Figure 4.14b.

4-63



.
>

4 - tw»
- e B,

.
s . .

,' ¥ . (]

‘:-iﬁ‘-i: AL , -

..‘ - ‘
‘ ¥ S A N Lo
- »'N \m e B - R
b g S

A .
. L /
L Cyy
W
" K"‘ # M .
-
5 - « .
o a4 4 by -
~.& & -
.'nlgh .

indentation

-

-/V

> Crack propagation

&

Figure 4.15 a.) Top facesheet view and b.) cross sectional view of impacted CSMG specimen at
20J

The top facesheet of sample CSMG-SI-2 in Figure 4.15a at 20 J disperses the energy across
its surface through matrix cracking which results in the crack propagation extended from the
impact area. Unlike sample RCF-SI-2, sample CSMG-SI-2 in Figure 4.15b appears to be
able to absorb the impact energy better at 20 J as the facesheet exhibited indentation failure
with little crack propagation into the core as highlighted by the circle. The fibre fracture is

also more apparent in the highlighted cross-sectional view in Figure 4.15b.
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RCF facesheet fracture
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Figure 4.16 Force-displacement curve for RCF-SI-2 and CSMG-SI-2 at 20 J

The force-displacement curve for RCF-SI-2 and CSMG-SI-2 is presented in Figure 4.16.
The top facesheet fracture that RCF-SI-2 undergoes is highlighted by the blue oval which is
then followed by core crushing highlighted by the yellow oval. This is followed by impactor
rebound. A unigue situation for CSMG-SI-2 is highlighted by the black oval. The first plateau
suggests that the facesheet has reached a critical point in bearing load. The delay before
the drop in force is where the matrix begins to crack across the surface of the facesheet as
seen in Figure 4.15a. This then leads to the fibre fracture observed in Figure 4.15b. The
increase in force up to the second plateau is a result of the core and bottom facesheet
stiffness and the drop in force occurs when cracks start to propagate in the core as seen in

Figure 4.15b. The impactor eventually rebounds, and the force drops to zero.
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Figure 4.17 Force-time curve for RCF-SI-2 and CSMG-SI-2 at 20 J

4-65



The force-time curve for RCF-SI-2 and CSMG-SI-2 is presented in Figure 4.17. The blue
oval highlights that sample RFC-SI-2 undergoes penetration of its top facesheet and
eventually core crushing in the yellow oval. The black circle suggests the residual kinetic
energy is transferred unto the bottom facesheet for RCF-SI-2 hence a second force peak
increases. The CSMG-SI-2 panel reaches a point of maximum load bearing capability twice

before eventually being unloaded.
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Figure 4.18 Energy-time curve for RCF-SI-2 and CSMG-SI-2 at 20 J

The energy-time curve for RCF-SI-2 and CSMG-SI-2 is presented in Figure 4.18. The sharp
upward linear inclination in the blue circle corresponds to the top facesheet fracture of RCF-
SI-2 and the core crushing. The second slope corresponds to the energy absorption of the
bottom facesheet of RCF-SI-2. As for CSMG-SI-2, the energy-time curve shows a steady
increase to the maximum force and eventually a prolonged plateau which corresponds to its

overall better energy absorption.
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4.3.3 Samples Tested at 30 J

Figure 4.19 Top facesheet view and b.) cross sectional view of impacted RCF specimen at 30 J

At 30 J the same top sheet fracture failure is repeated sample RCF-SI-3 in Figure 4.19a in
an almost similar manner to sample RCF-SI-2 in Figure 4.14a. The same can be said for
the core crushing after the facesheet fractures. Crack propagation through the thickness of
the core highlighted by the circle in Figure 4.19b. The internal damage width came to be
approximately 30 mm. the bottom facesheet remained intact.
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Figure 4.20 Top facesheet view and b.) cross sectional view of impacted CSMG specimen at 30 J

In Figure 4.20, At 30 J the GSMG-SI-3 exhibited facesheet and core penetration. However,
the damage area of the impact zone appears smaller than that of the RCF panels at 20 J
and 30 J as it came out to be approximately 16 mm. The bottom facesheet exhibited slight
indentation failure. The force-displacement curve for RCF-SI-3 and CSMG-SI-3 are
presented in Figure 4.21. Similar penetration damage has been reported by H. Wang et al

[56] experimentally and analytically investigating low-velocity impact penetration of the fully
clamped foam-core composite sandwich panels.
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Figure 4.21 Force-displacement curve for RCF-SI-3 and CSMG-SI-3 samples at 30 J

In Figure 4.21 both RCF-SI-3 and CSMG-SI-3 initially undergo top facesheet damage as
highlighted by the blue oval. This is then followed by core penetration in the region
highlighted by the red oval. The damage then progresses further into the bottom facesheet.
in the black oval. This is then followed by the impactor rebounding. The pattern of the curves
closely matches the damage profile of typical force deflection responses of foam core
sandwich panels reported by Castellanos & Prabhakar [57]. They are presented in Figure
4.22.
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Figure 4.22 Typical force deflection responses of foam core sandwich composites under low-
velocity impact loading [57].
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Figure 4.23 Force-time curve for RCF-SI-3 and CSMG-SI-3 samples at 30 J
The force-time histories for RCF-SI-3 and CSMG-SI-3 are presented in Figure 4.23. The

facesheet penetration for both panels are observed in the drop in the peak force highlighted
by the blue oval. The yellow oval shows that after the drop in peak force, the crack
propagation of the top facesheet of RCF-SI-3 leads to the prolonged crushing of the core in
comparison to the CSMG-SI-3 panel. For both panels, the residual kinetic energy is
transferred to the bending of their bottom facesheets. This is represented by the second
peak right after the core is crushed. The force first increases due to the bending resistance
of both face sheets which is continued the bottom facesheets. Throughout the process, the
force values for RCF-SI-3 are relatively higher than those of CSMG-SI-3. The force-time
histories for both panels closely match that of the load — time history for sandwich panel
penetration documented by H. Wang et al in Figure 4.24 [56].
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Figure 4.24 Comparison of experimental and analytical load-time curve for penetrated panel [56]
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Figure 4.25 Energy-time curve for RCF-SI-3 and CSMG-SI-3 samples at 30 J

The energy-time curve for RCF-SI-3 and CSMG-SI-3 is presented in Figure 4.25. The two
peak forces observed in the force-displacement curve in for both panels in Figure 4.23 are
due to damage in the top facesheet, core and bottom facesheet for both panels. Hence, in
Figure 4.25 the first regime with the reduced slope, highlighted by the blue circle,
corresponds with the perforation of the top facesheets and penetration of the core. The
second reduced slope highlighted by the red circle in Figure 4.25 corresponds to the fibre
fracture of the bottom facesheet. Similar observations for the energy-time curve of
penetrated sandwich panels have been presented by Castellanos & Prabhakar and O. A.
Mocian et al [57], [58]. The data obtained for both RCF and CSMG standard size samples
are presented in Table 4.5.

Table 4.5 Impact data for standard size RCF and CSMG panels

Specimen ID Applied Peak Force Peak Absorbed energy
Energy (J) (N) Displacement )
(mm)
RCF-SI-1 10 2183.7 6.55 6.98
RCF-SI-2 20 2256.35 20.54 20.4
RCF-SI-3 30 2205.17 22.9 29.4
Average - 2215 £37 16.66 8.8 18.92 11
Specimen ID Applied Peak Force Peak Absorbed energy
Energy (J) (N) Displacement Q)]
(mm)
CSMG-SI-1 10 1704.9 8.3 9.38
CSMG-SI-2 20 2243.4 8.2 17.53
CSMG-SI-3 30 1961.13 25.5 29.6
Average - 1969 * 270 14 4+9.9 18.8 +10
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4.3.4 Comparative Summary

Experimental findings for the progression of damage can be summarised in the following:

- At 10 J of impact energy, fibre fracture is evident for both RCF-SI-1 and CSMG-SI-1.
RCF-SI-1 initially appears to have barely visible damage but microscopic imagine
reveals cracks on its facesheet. The CSMG-SI-1 panel displays the area of damage
due to the fibre’s transparent nature.

- At 20 J of impact energy, CSMG-SI-2 can withstand the applied energy better than
RCF-SI-2 as the top face sheet fractures into the core. As for RCF-SI-2, the top
facesheets gets penetrated and the core gets crushed.

- At 30 J of impact energy, both RCF-SI-3 and CSMG-SI-3 fail through top facesheet

penetration and core crushing.
Summary of observed damage per energy is presented in Table 4.6.

Table 4.6 Observable failure per energy level for standard RCF and CSMG samples

Panel Energy (J) | Observed failure

RCF-SI-1 10 Barely visible damage, fibre fracture

RCF-SI-2 20 Top facesheet penetration, core crushing

RCF-SI-3 30 Top facesheet penetration, core crushing

CSMG-SI-1 | 10 Visible damage area, fibre fracture

CSMG-SI-2 | 20 Visible cracks along surface, fibre fracture, slight
core crushing

CSMG-SI-3 | 30 Top facesheet fracture, core crushing

The average experimental data shown in Figure 4.26a reveal the RCF samples can
withstand higher forces that the CSMG samples. The average displacement is also higher
for the RCF panels as shown by the average peak displacement in Figure 4.26b than for the
CSMG panels which is evident of facesheet penetration. Again, in similar manner, the RCF
and CSMG have almost similar energy absorption as shown in Figure 4.26¢. Overall, even
though the RCF samples have higher values for peak force, the CSMG panels can better

resist damage at applied impact energy of 10, 20 and 30 J.
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Figure 4.26 Comparison between a.) average peak force, b.) average displacement c.) average
absorbed energy of standard impact RCF and CSMG panels

Values for the average peak force, and average absorbed energy have been normalised at
50% fibre volume fraction and presented in Table 4.7. As shown in Table 4.7, at 50%
normalised fibre volume fraction, the RCF panels still have higher strengths than the CSMG

panels.

Table 4.7 Normalised impact data F,.q - peak force, E, - absorbed energy

Panel Fpeax (N) @50% | E; (J) @

FVF 50% FVF
RCF 3460.9 = 30 29.5+9.2
CSMG 1837.2+219 | 17.5+8.3
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4.4 Chapter Summary

Experimental work has been carried out on RCF and CSMG panels using the same areal
density and core thickness. The fibre content analysis reveals that the CSMG panels have
a higher fibre volume content than the RCF panels. Under three-point bending, the RCF and
CSMG panels both exhibited failure modes such as facesheet indentation, facesheet
fracture and core crushing. Experimental data revealed the CSMG panels were more ductile

in behaviour as they underwent twice the deflection of the RCF panels during loading.

Visual analysis for the damage progression for the standard size panels revealed that the
RCF panels were more brittle than the CSMG panels. 10 J of energy was significant to
initiate top facesheet damage for both panels. At 20 J both core and facesheet of the RCF
panel were penetrated but the CSMG facesheet dispersed the damage across its surface.
At 30 J both panels were penetrated. In summary, the chapter was able to achieve the
objectives laid out in Chapter 1. A guideline for carrying out fatigue after impact tests is

presented in Chapter 5.
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CHAPTER 5: GUIDELINE FOR FATIGUE AFTER IMPACT
TEST
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5 GUIDELINE FOR FATIGUE AFTER IMPACT TEST

A panel undergoes minor to major forms of damage throughout its service life which varies
according to their application. For example, panels in the body of a car are exposed to impact
damage from road debris. Simultaneously, a second phenomenon known as fatigue has
been observed to contribute to panel damage after impact i.e., vibrations from the car engine
leading to fatigue damage of the panel. Although fatigue tests are not performed in this
thesis, this chapter aims to provide parameters that can be used to carry out a fatigue after
impact tests on RCF and CSMG panels. Firstly, samples are fabricated using the ASTM
C393 guideline as mentioned in section 3.3.3 and tested at a low impact energy of 4.5 J.
Secondly, as a requirement for fatigue tests, load levels for the test will be taken at 25%,
50% and 75% of the maximum mid-span deflection and force values from the three-point

bending tests in section 4.2. These are presented in section 5.2.
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5.1 Impact Testsat4.5J
5.1.1 RCF Panels

Figure 5.1 Impacted RCF specimens alongside microscopic images.

At first glance, in Figure 5.1, all RCF specimens impacted appear to display barely visible
damage and only facesheet indentation. Microscopic imaging reveals fibre fracture in RCF-
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I-1, RCF-I-3, and RCF-I-5. RCF-I-5 also exhibits facesheet-core delamination as highlighted
in Figure 5.1. RCF-1-2 and RCF-I-4 remain relatively undamaged at the area of impact but
still have slight top facesheet indentation. There is also a good correlation between the
damage observed and characteristics displayed by the force-displacements curves as
shown in Figure 5.2.
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Figure 5.2 Force-displacement curve for RCF samples at 4.5 J

In the force-displacement curve presented in Figure 5.2, the facesheet for RCF-1-1, RCF-I-
3 and RCF-I-5 fracture in a brittle manner as there us a sudden drop in the applied force.
After this the core continues to bear the impact force until the impactor rebounds as
highlighted by the brown oval. As for RCF-I-2 and RCF-I-4, the facesheet remains intact so

the peak force in reached then followed by the impactor rebound.
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Figure 5.3 Force-time curve for RCF samples at 4.5 J

The shape of the force-time curve for RCF-I-2 and RCF-I-4 in Figure 5.3 are similar to a sine
function with almost a nearly smooth process whereas the shape for RCF-I-1, RCF-I-3 and
RCF-I-5 are not. At the beginning of impact for all the RCF samples the contact force
increases to more than 200 N over a short period of time which both facesheet and core
remain in an elastic stage. The force then rises at a slower rate to the peak force eventually

dropping towards the end of the event.
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Figure 5.4 Energy-time curve for RCF samples at 4.5 J

In Figure 5.4, the sharp upward inclination highlighted in the blue oval for the energy-time
curves of RCF-I-1, RCF-I-3 and RCF-I-5 is a result of their top facesheet fracture which is
then prolonged due to the core absorbing the remaining energy. The force-displacement,

force-time and energy-time curves for the RCF panels display similar pattern to ones noted
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by X.Zhang et al [59] whilst investigating the low-velocity impact behaviour of CRFP
honeycomb structures at energy levels ranging between 3 to 10 J. They are presented in
Figure 5.5.
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Figure 5.5 a.) impact force history, b.) impact force-displacement curve and c.) energy absorption
[59]
The data for the peak force, peak displacement and absorbed energy are presented in Table
5.1.

Table 5.1 Obtained RCF data form impact tests.

Specimen Peak Force Peak displacement Absorbed energy
iD (N) (mm) )
RCF-I-1 1529.73 3.09 2.67
RCF-I-2 1423.53 4.32 4.05
RCF-I-3 1430.13 3.70 3.66
RCF-1-4 1474.15 3.95 4.24
RCF-I-5 1379.51 3.90 3.66
Average 1447.4 + 57 3.79 £ 0.45 3.65* 0.6
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5.1.2 CSMG Panels

Fibre fracture

<

Fibre fractute

Minimal fibre pull.

Minimal fibrespull.

Figure 5.6 Impacted RCF specimens alongside microscopic images.
For the same applied impact energy, in Figure 5.6, the CSMG panels performed better than
the RCF panels as the only observable damage was just top facesheet indentation. Samples
CSMG-I-1, CSMG-I-2, and CSMG-I-5 are observed to show the most fibre fracture on the
top facesheet. Very minimal fibre pulling is recorded on samples CSMG-I-3 and CSMG-I1-4.

Microscopic imagine also revealed slight damage to the fibres post-test.
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Figure 5.7 Force-displacement curve for CSMG samples at 4.5 J
Figure 5.7 shows that there is no sudden force drop in the CSMG panels during loading
which is indicated by the barely visible indentation in top facesheets and relatively intact

core in the panels.
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Figure 5.8 Force-Time curve for CSMG samples at 4.5 J

The force-time history in Figure 5.8 show that the impact force for all the samples rise quickly
to approximately 180 N. The impact force continues to rise at a lower rate and continues to
increase up to the peak force. The CSMG facesheets and the core remain in an elastic stage
before reaching the peak force. The force time history also shows a gradual and relatively

smooth unloading on the samples as the force reduces.

5-82



— C5MiGH-1

5 CSMGH-2

a CSMIGH-3
_ — CSMG-4
=3
= — CSMG--5
: 2

1

0

0 2 4 & 8 10 12 14 16 18 20

Time (ms)

Figure 5.9 Force-time curve for CSMG samples at 4.5 J

All CSMG samples follow the same energy absorption trend in Figure 5.9, and this is to be
expected as there was very little damage on all their top facesheets. The peak force, peak
displacement and absorbed energy for the CSMG panels are presented in Table 5.2.

Table 5.2 Obtained CSMG data form impact tests.

Specimen Peak Force Peak displacement Absorbed energy
iD (N) (mm) Q)
CSMG-I-1 946.17 3.26 3.73
CSMG-I-2 947 2.21 3.37
CSMG-I-3 899.7 3.14 3.62
CSMG-I-4 953.3 2.9 3.52
CSMG-I-5 994.6 2.7 3.58
Average 948.15 * 33 2.84* 041 3.56 * 0.13

5.1.3 Comparative Summary

For the same applied energy of 4.5 J, visual observation shows that the CSMG panels
performed significantly better than the non-standard RCF panels. Observable damage from
visual analysis of the CSMG panels are top facesheet indentation and minimum fibre
breakage. As for the RCF panels, top facesheet fracture was a common observable failure
mode. This is given by the lower average displacement in Figure 5.10b. In contrast, the
average data for the peak force presented in Figure 5.10a shows that the RCF panel take
higher forces that the CSMG panels. Both groups of panels are closely matched for

absorbed energy in Figure 5.10c.
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Figure 5.10 Comparison between a.) average peak force, b.) average displacement c.) average
absorbed energy of non-standard impact RCF and CSMG panels

Values for the average peak force, and average absorbed energy have been normalised at

50% fibre volume fraction and presented in Table 5.3. As shown in Table 5.3, at 50%

normalised fibre volume fraction, the RCF panels still have higher strengths than the CSMG

panels.

Table 5.3 Normalised impact data Fy., - peak force, E, - absorbed energy

Panel | FpeaN@ | E, 0)@

50% FVF 50% FVF
RCF 2261.5+50.9 | 5.7 + 3.66
CSMG | 884.4+30.1 | 3.3%+0.11
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5.2 Load Levels for Fatigue Test

A requirement for testing sandwich panels under fatigue is to derive load levels from the

specimens three-point bending force-deflection curve. This is done by taking percentages

of the maximum value in the elastic region of the specimen’s force-deflection curve. The

load levels are used to control the test to avoid immediate specimen failure when placed

under fatigue loading. Therefore, using data from the elastic region for the RCF and CSMG

panels, load levels have been taken at 25%, 50%, 75% and presented in Table 5.4. The

data presented in Figure 5.11a and Figure 5.11c can be used to generate a strain vs no. of

cycle curve while the data presented in Figure 5.11b and Figure 5.11d can be used to

generate a stress vs no. of cycle curve.

Table 5.4 Three-point bending data for RCF and CSGM specimen’s elastic region. ( F — force, D —
deflection, Avg. Average, S.D — Standard deviation)

Load e e . .
level % Elastic limit for RCF specimens Avg. | 5D
SpecimeniD | RCF-3PB-1 RCF-3PB-2 RCF-3PB-3 RCF-3PB-4 RCF-3PB-5
100 | F(N) 531 565 440 600 523 532 | 597
D (mm) 1.8 1.44 1.25 148 1.8 16 02
75 F(N) 308 75 42375 330 450 392 75 300 | 448
D (mm} 135 1.08 0.94 111 135 12 02
50 F (N} 2655 2825 220 300 2615 266 | 299
D (mm) 0.9 0.72 0.63 0.74 0.9 0.8 0.1
25 F{N) 132.75 141.25 110 150 130.75 133 | 149
D (mm) 0.45 0.36 031 037 0.45 04 01
Load . ]
sevel 5 Elastic limit for CSGM specimens Avg.| S.D
SpecimeniD | CSGM-3PB-1 | CSGM-3PB-2 | CSGM-3PB-3 | CSGM-3PB-4 | CSGM-IPB-5
100 | F(N) 258 305 290 283 278 283 | 172
D (mm) 155 2.2 1 143 1 14 05
75 F (N} 1935 22875 2175 212.25 2085 212 | 128
D (mm) 116 170 075 107 0.75 11 04
50 F (N} 129 1525 145 1415 139 141 3.6
D (mm) 0.78 113 05 072 05 07 03
25 F(N) 645 76.25 725 70.75 695 71 43
D (mm} 0.39 0.57 0.25 0.36 0.25 04 | 013
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A standard deviation for the load levels at 25%, 50% and 75% is taken to ensure that the
values for the average deflection does do not overlap. This to account for variation in the
load-deflection curves shown in Figure 4.4 and Figure 4.6. As shown in Figure 5.11, values

for the average deflection (blue dots) will be used as they do not overlap each other.
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Figure 5.11 Deflection and Force standard deviation for RCF (a, b) and CSMG (c, d) panels.

5.3 Chapter Summary

In this chapter, samples for a fatigue after impact test were fabricated and impacted at 4.5J.
Load levels for a fatigue test were derived from the three-point bending data. Based on work
done, a guideline for a fatigue after impact tests on RCF and CSMG panels is as follows:

e The maximum applied impact energy should be 4.5 J as visual analysis reveal it does
not cause significant panel damage.

e As arequirement for fatigue tests, load levels will be derived at 25%, 50% and 75%
of the maximum mid-span deflection values of three-point bending tests.

e The fatigue test should be performed using loading frequency between 1 - 5 Hz.
Higher values are reported to contributes towards thermal softening of the core [60].
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e Specimen size would be guided by the non-standard ASTM C393 guideline for

sample compatibility.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS
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6 CONCLUSION AND RECOMMENDATIONS

In this thesis the mechanical behaviour of sandwich panels fabricated with recycled carbon
fibore and chopped strand matt fibre are experimentally investigated and compared under
three-point bending and low-velocity impact tests. The sandwich panels featured two layers
of top and bottom facesheet, same fibre density of 300 gsm and fabricated using vacuum
assisted resin infusion. A guideline for testing RCF and CSMG panels under fatigue after
impact test was developed using experimental data that was obtained from each test carried
out. By comparing the RCF and CSMG panels, this thesis can contribute to the knowledge
of the mechanical behaviour of such panels under three-point bending and impact loading.
Furthermore, the experimental work presented highlights how the RCF facesheet can be an

alternate material to the commonly used CSMG facesheets.
Based on experimental work carried out, the following key points can be drawn:

- During three-point bending, the failure modes of the RCF panels were dominated by
fracture of the top facesheets. Under microscopic imaging, the facesheets that
showed no visible damage were fractured at the centre of indentation.

- The CSMG facesheets were able to resist three-point loading better by exhibiting
fibre pulling and indentation. However, this was achieved at much lower forces than
the RCF panels. The increased deflection of the CSMG panels resulted in indentation
of both the core and bottom facesheet.

- During the standard impact tests, 10 J of applied energy was enough to initiate crack
propagation for the top facesheet of the RCF panel. The CSMG panel underwent
fibre fracture and matrix cracking.

- The damage observed on the panels became more evident with increasing applied
energy, the, however, the CSMG panels were able to resist damage better than the
RCF panels.

- At 4.5 J, the non-standard impact RCF and CSMG panels exhibited facesheet
fracture and facesheet indentation respectively. The RCF panels still whit-stood
higher load bearing capabilities than the CSMG panels.

- The normalised data for each test still highlights the RCF panels are stronger than
the CSMG panels.

Although the thesis was able to achieve all the aims and objectives laid out, it was faced
with two limitations. Firstly, there is no ASTM standard which explicitly defines how to test

sandwich panels under low velocity impact. Secondly, there was very little literature
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information on sandwich panels made with randomly oriented fibres that could be used for

comparison against the experimental work presented.
Recommendations for future works are listed as follows:

- For a much fairer comparison, the same fibre content and facesheet thickness should
be used for both RCF and CSMG panels.

- To minimise the time spent carrying out experimental trials, simulation work can be
employed.

- The optimisation of the core in a panel made of RCF and CSMG under bending and
impact should be considered for investigation.

- Use of Scanning electron microscopy (SEM) for more in-depth visual analysis .
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