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Abstract

The objective of the research presented in this PhD thesis is to improve the understanding of
the failure modes and numerical modelling techniques associated with both interlayer and
intralayer fibre hybrid composites and their monolithic constituent composite counterparts,
with the overall objective of using the fibre hybrid composites for automotive components.
The materials tested, as specified by the funding body Composites Innovation Cluster
(Datacomp), were: a plain weave spread tow T700 carbon composite, a non-crimp 0°/90° S2-
glass composite, an interlayer fibre hybrid of the two aforementioned monolithic composites,
and an intralayer fibre hybrid 2x2 twill weave T700 carbon/Vectran composite, all within an
MTM57 epoxy matrix and manufactured by Resin Film Infusion (RFI). Standardised and
non-standardised testing was employed to determine the in-plane material properties of each
material in tension, compression, and shear, as well as interlaminar fracture toughness in Mode
I and Mode II. Subsequently, a novel Compact Tension (CT) specimen geometry was
developed to alleviate premature out-of-plane buckling and premature compressive failure.
This was imperative in capturing the materials translaminar fracture toughnesses since the
monolithic S2-glass composite and the intralayer fibre hybrid T700 carbon/Vectran failed

prematurely when utilising typical standard CT test geometries.

Once the in-plane material properties, and interlaminar and translaminar fracture toughnesses
were measured, an existing energy-based bilinear plane stress traction-separation numerical
modelling approach was used to provide insight into the complex failure processes associated
with low velocity impacts. The fibre hybrid composites as well as their monolithic glass and
carbon fibre composite counterparts were subjected to two discrete impact energy levels and
their experimental load response curves and failure modes showed good agreement with the

numerical modelling.

Finally, a 1:5 reduced scale car bonnet made from the interlayer and intralayer fibre hybrid
composites was subjected to low velocity impacts at two discrete energy levels and compared
to the same numerical modelling strategy as used with the plate impact study. A novel
experimental test rig was developed which allowed for quantifiable boundary conditions to be
numerically modelled, presenting good comparison to the impactor tup experimental load

response curves as well as two experimental independent strain gauge readings.
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1. Introduction

1.1.Background

The use of composite materials within the commercial automotive sector has been identified
as a potential emerging market in the UK. The government led research consortium
‘Composites UK’ published a document outlining the importance of composite material
development and the projected growth targets for major engineering markets such as
aerospace, defence, automotive, rail, construction, marine, oil and gas, and renewables [1].
They reported that by 2030, the automotive industry would grow by 16%, behind only the oil

and gas industry at 33%, and the aerospace industry at 19%.

The research involved in this PhD was undertaken in conjunction with an industrial
consortium (Composites Innovation Cluster (CiC) [2]), aimed at promoting the streamlining
of composite materials into the UK automotive industry. The consortium involved several
composite manufacturing and automotive companies, both nationally and internationally. The
role of Imperial College London, being stakeholders in the subprogram of the CiC known as
‘Datacomp’, was aimed at providing composite material data to be used effectively with up-
to-date finite element model solvers. The material properties were to be determined through
both standard and non-standard test regimes to provide a comprehensive data set for each
material type. The material property data was collected and stored within an easily accessible
online database managed by Granta [3]. The industrial partners associated with the project
were then able to utilise the composite material data in the design of future composite

automotive components.

1.2. Motivation and objectives

The motivation for this research originated at the automotive industry’s demand for lighter

and more fuel efficient cars, where fibre hybridisation could save up to 25% of a cars weight

and thus reduce consumption of 250 million barrels of crude oil per year [4]. Fibre hybrid
composites have proven to have beneficial properties over ‘monolithic fibre’ composites, such

as exhibiting pseudo-ductility [5] to avoid sudden catastrophic component failure, as well as

improved impact performance [6].
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A variety of composite materials were tested as part of this research, namely two fibre hybrid
composites (interlayer fibre hybrid T700 carbon/S2-glass and intralayer fibre hybrid T700
carbon/Vectran) and their monolithic constituent composites (fibres supplied by Sigmatex [7]
and MTMS57 resin by Solvay [8]), discussed further in Chapter 3. The fibres were chosen by
the Composites Innovation Cluster (CiC) [2] for their favourable in-plane mechanical
properties and impact resistance. The resin (MTM57) was chosen due to its high toughness,
resistance to high temperatures, and good surface finish. The experimental testing at the
material property level utilised both standardised and non-standard tests for the various
composite materials and fibre architectures. Figure 1.1 presents this level at the bottom, under
the ‘coupons’ label, taken from the Department of Defense (United States of America) Military
Composite Materials Handbook [9], originally proposed by Rouchon [10]. Chapter 4 addresses
premature compression and buckling failure during translaminar fracture toughness testing,

where a novel specimen design is presented.

Upon capturing the in-plane, interlaminar, and translaminar material properties through both
standard and non-standard test regimes, drop tower impact testing was employed to provide
an insight into how composite laminates respond to low velocity impact damage, a likely

occurrence within bodywork of automotive components (such as dropped tools to a car bonnet

or debris strike). This type of testing is labelled under the ‘details’ subsection of Figure 1.1.

The materials’ failure modes were investigated experimentally and compared to energy-based

bilinear plane stress interlaminar and translaminar fracture numerical models to further

understand the complex failure associated with low velocity impact of fibre hybrid composites.
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Figure 1.1: The pyramid of tests [9]
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Finally, a reduced scale industrial component was subjected to low velocity impact
experimentally and numerically modelled, utilising the properties determined from the previous
subsections. Doing so therefore supported the numerical modelling strategy through accurate

experimental correlation. This final phase of experimental testing prior to a full scale
component test would be within the ‘sub-components’ category of the test pyramid presented

in Figure 1.1. By mechanically testing the materials from coupon level through to the sub-
component level, the research within this thesis provides an insight into the feasibility of fibre
hybrid composites for use within industrial automotive components by furthering the

understanding of their associated failure modes.

To summarise, the main objectives of the research presented are as follows:

i.  Experimentally measure a comprehensive set of material properties through both
standard and non-standard testing of novel fibre hybrid composite materials for
employment within the Composites Innovation Cluster Datacomp database [2],
primarily for use by the automotive industry in component design.

ii.  Develop a new Compact Tension specimen geometry to determine the translaminar
fracture toughness of the novel fibre hybrid composite materials, where current
standard test specimens were unsuitable due to premature compressive failure and out-
of-plane buckling.

iii.  Utilise an existing energy-based bilinear plane stress numerical model using the
measured material properties under low velocity impact of flat plate laminates and
compare them to experimental testing. Doing so would provide insight into the unique
failure processes associated with the two fibre hybrid composites.

iv.  Numerically model (using the same modelling approach as with the plate impacts) a
reduced scale industrial component subjected to low velocity impact. This would also
prove the conceptual feasibility of the numerical model to capture the structural

response of fibre hybrid composite components.
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1.3. Outline of thesis

The main body of this thesis is divided into seven Chapters. The following paragraphs outline

the content of each Chapter and their relevance and progression to the following Chapters.

Chapter 2: Literature survey and research plan

This Chapter outlines the current state of the art within the literature for each of the
topics within the following Chapters. The state of the art regarding the topics in each
Chapter is summarised and the gaps in the literature are discussed. The identified

gaps hence informed the presented research plan.

Chapter 3: Characterisation of fibre hybrid composites and their monolithic composite

counterparts

The research in this Chapter outlines the base level testing shown in Figure 1.1, where
largely standardised testing was employed on the fibre hybrid composites and their
monolithic composite counterparts. The in-plane material properties were fully
characterised under the tensile, compressive, in-plane shear, and interlaminar fracture
in Mode I and Mode II, as well as their volume fraction by use of Thermogravimetric
Analysis (TGA) and analytical microscopy. The data generated in this Chapter
provided a sound baseline of data for further, more complex non-standardised material
testing in the subsequent Chapters, where the nominal material properties were
required for numerical modelling. The novelty presented in this Chapter lies within
the in-plane and interlaminar material properties of the fibre hybrid composites,

therefore providing insight into their unique failure modes.

Chapter 4: Translaminar fracture toughness of fibre hybrid composites and their

monolithic composite counterparts

This Chapter provides a clearly novel output from this thesis, where a new Compact

Tension (CT) specimen design was developed. This was due to the inadequacy of
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typical CT specimen geometries when testing composites with low compressive to
tensile strength ratios, which commonly lead to premature compressive failure at the
rear of the specimen. Such materials also tended to buckle out-of-plane with typical
CT specimen geometries due to their thin through-thickness. Therefore, a novel CT
specimen design was developed through numerical optimisation and experimental
testing, and the fracture toughness values could be captured for both the fibre hybrid

composites and their monolithic composite counterparts.

Chapter 5: Low velocity impact response characterisation of fibre hybrid composites

Using the in-plane, interlaminar, and translaminar material properties measured within
the preceding Chapters, an energy-based bilinear plane stress traction-separation
VUMAT (Abaqus Finite Element user subroutine) was used to compare low velocity
impact numerical models to experimental test results. The purpose of this low velocity
impact testing was to provide insight into the failure processes involved with both the
interlayer and intralayer fibre hybrid composites and also support the accuracy of the
VUMAT material model for use with fibre hybrid composite laminates. Two impact
energy levels were employed and post-test fractographic analysis was used to inform
the associated failure processes. The novelty in this Chapter is the utilisation of an
energy-based bilinear plane stress numerical modelling approach in conjunction with
the low velocity impact of fibre hybrid composites, hence providing insight into their

resulting complex failure modes.

Chapter 6: Low velocity structural impact response of fibre hybrid composites on a

reduced scale car bonnet

The research in this Chapter involved the development of a novel test-rig to mount a
reduced scale (1:5) Bentley Continental car bonnet (courtesy of Solvay [8]). Interlayer
and intralayer fibre hybrid composites were tested at two discrete energy levels and
since the test rig provided known boundary conditions, numerical modelling was used
to support the Abaqus VUMAT subroutine for structural component level testing.

Strain gauging was employed on both sides of the scaled bonnet at 80mm from the
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impact site and then compared to virtual strain gauges in the numerical models. The
development of the experimental test rig, providing nominal points of constraint and
thus quantifiable boundary conditions, allowed accurate implementation of the energy-
based bilinear plane stress numerical modelling approach for low velocity impact.
Conducting this study on a doubly curved structural component provided inherent

novelty regarding the state of the art.

Chapter 7: Discussion

This Chapter draws upon and discusses the key outcomes from the preceding Chapters,

their novelty, and their relevance given the current state of literature.

Chapter 8: Conclusions and future work

This Chapter outlines and summarises the key findings from the preceding Chapters.
Drawing from these, suggestions for future work are made, indicating where the

research may be developed further.
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2. Literature survey and research plan

The automotive industry has recently begun pursuing more complex composite material
systems for structural components, where vibrational and acoustic damping, surface finish,
cost, and performance are prioritised. The UK government has identified the emergence of
fibre hybrid composite materials for automotive components as a priority for research and
development and invested into companies such as CARBIO [17] and Composites Innovation
Cluster [2], aimed at streamlining the delivery of composites into the commercial automotive
markets. This Chapter therefore outlines the current state of the art for the characterisation
of fibre hybrid composites, primarily related to the automotive industry. The carbon spread
tow is first discussed, highlighting its benefits, followed by the basic mechanical
characterisation of fibre hybrid composites. This presents the current understanding of the
effect that fibre hybridisation has upon the interlaminar and in-plane composite laminate

properties.

The fracture toughness of composites has become increasingly important regarding numerical
modelling approaches of composite impact behaviour, particularly penetrative, where the
failure modes are largely dominated by fibre fracture. Research by Pinho [18], Lopes et al.
[19], Ehrich [20], and Gonzalez [21]—[23] amongst others have discussed the benefits of an
energy-based translaminar fibre fracture approach when numerically modelling low velocity
impacts of composites, with its’ importance within the automotive industry highlighted by
Altair Engineering [24]. Subsequently, the literature regarding the translaminar testing of

fibre hybrid composites is explored, highlighting the shortfalls in the current test methods.

Due to the emergence of energy-based fracture numerical modelling aiding design of
components, the literature regarding fibre hybrid composites under low velocity impact is
explored. Standard test regimes such as the ASTM D7136 [25] flat laminate plate impact
standard is presented as well as non-standard test methods used primarily within the

automotive industry.

The following Chapter outlines the current state of the art for each subsequent Chapter. The

gaps within the literature are then highlighted along with a research plan to address these

gaps.
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2.1. Literature survey

2.1.1. Spread tow composites

Spread tow (also interchangeably referred to as ‘thin ply’ [26]) is a relatively new form of
carbon fibre architecture developed to utilise elliptical carbon fibre tow cross sections as
opposed to traditional circular cross sections (Figure 2.1) and so, laminate thicknesses within
the order of 0.02mm can be achieved in woven architectures [27]. Due to its improved in-plane
mechanical properties compared to traditional tow composites, and now ubiquitous throughout
the Formula One industry, spread tow manufacturing is becoming affordable for the
commercial automotive sector and fibre processing companies are increasingly providing tow
spreading capabilities (Table 2.1). Inherently, the volume fraction of a fibre reinforced polymer
utilising spread tows is higher than those comprised of traditional circular fibre tows due to
lower crimp angles, resulting in a lower percentage of matrix which is not being utilised [28].
This leads to spread tow composites exhibiting favourable material properties due to less

matrix voidage [29] as well as lower angles of crimp.

2

Figure 2.1: Fibre arrangement in spread tow compared to typical tow [30]

A method of fibre dispersion was first proposed in 1996 by Kawabe, K. et al. [30] through the
use of a pneumatic loading on traditional circular carbon fibre tows. When a transverse flow
of air is inflicted upon a sagged tow of fibres at a specific tautness, a uniform and stable
spreading of the fibres is achieved [30]. At this point in the spreading process, where the fibres
are sagged, tension across the fibre tows is alleviated momentarily and the air is free to pass
through the tow, in-between the individual fibres, therefore inducing fibre spreading (Figure

2.2).
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Air flow
Figure 2.2: Tow spreadinog due to air passing through individual fibres during pneumatic

method [31]
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The pneumatic method can be supplemented with roll spreading, where the tows are drawn
off the bobbin on to rolls moving in a traversing motion. By combining the roll spreading
method with the pneumatic method, the dispersion of the fibres is increased up to a critical
level of fibre tension, above which fibre breakage is likely to occur [32]. A combination of the
two spreading methods has been developed, where the traversing roll spreaders vibrate over
the tow while hot air at 200°C is effectively blown transverse to the fibre direction (through
the presence of a vacuum below the sagged fibres) [30], [32], [33]. It is suggested that the roll
method is useful for initially overcoming the adhesion due to fibre sizing and then the

pneumatic method allows for further spreading [33].

Several manufacturers have accomplished successful spreading of thick tows through
pneumatic and rolling methods. Table 2.1 lists a selection of these manufacturers along with
their publicised capabilities. Spread tow tape has itself been incorporated by Tsai, S. W. and
Cognet, M. [34] into NCF with a nominal ply thickness of 0.08mm [35]. By doing so, the
detrimental mechanical properties associated with crimped woven fabrics such as resin rich
regions and increased fibre crimp are suppressed, whilst maintaining thin laminates. Like thick
tows, spread tow tapes are not constricted to 0°/90° relative weave patterns and a
manufacturing technique has been developed to account for this. An automated process that
allows continuous placement of spread tow tapes at any angle to be interleaved with one
another to satisfy specific design requirements commonly dictated by strength has been
developed (Figure 2.3). This is particularly useful for manufacturing strength-to-weight

optimised components where certain regions require higher load capacities than others.

Figure 2.3: Continuous spread tow tape placement incorporating unequal angles [36]
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Table 2.1: A selection of current spread tow manufacturers

s Areal
Manufacturer Capabilities . Country
density
France,
Chomarat Spreading up to 50K for NCF ‘C-Ply’, - North
gsm .
(chomarat.com) [37] Weaving at 0°, 90°, 45°, 25° and 20° angles Africa,
USA, China
-  Tud G Spreading single-tow up to 12K to 80mm
armoni Industry Co. width at 20m/min and multi-tow 24K at
Ltd. ] ) ) 100 gsm Japan
L. 5m/min, Plain, twill and ‘any style’
(harmoni.co.jp) [38]
weaving
North Thin Ply .
Spreading, Automated Tape Laydown 30 gsm (for .
Technology Switzerland,
i (ATL) up to 3.4x12m preform areas at PAN-based
(thinplytechnology.com) . i USA
7.5m/min fibres)
[39]
Oxeon AB Spreading up to 12K to 50mm width, 40 Sweden,
sm
(oxeon.se) [40] Weaving at a variety of angles 8 USA
Sakai Ovex Co. Ltd. Spreading up to 48K to 40mm width,
. . 80 gsm Japan
(sakaiovex.co.jp) [41] Weaving at 0°/90° relative angles
Sigmatex Ltd. Spreading, Weaving at 0°/90° relative 88 UK, USA,
sm
(sigmatex.com) [7] angles & China
Teknomax Corp. Tow spreading machinery, Weaving
160 gsm Japan

(teknomax.jp) [42]

machinery

2.1.2. Characterising fibre hybrid composite material properties

A review in 2014 by Swolfs et al. [5] highlighted the three most common categories of fibre

hybrid composites as interlayer, intralayer, and intrayarn, where hybridisation was defined by

the fibre architecture, as shown in Figure 2.4. The interlayer approach has typically been the

most common in the last thirty years of research within the field [43] due to its ease of

manufacture and the ability to vary the fibre volume fractions without the need for the

intricate weaving machines required when manufacturing intralayer or intrayarn fibre blankets.

As the commercial availability of fibre weaving looms have become more accessible, recent

years have seen the emergence of research into intralayer and intrayarn fibre hybridisation

[44]—[47], for automotive applications, where not only structural, but pseudo-ductility and

impact performance are prioritised. Thermogravimetric Analysis (TGA) has been utilised for
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fibre hybrid composites, a method commonly used with monolithic composites, to determine

their relative volume fractions and constituent quantities, regardless of fibre architecture [48].

Figure 2.4: Common fibre hybrid configurations (interlayer, intralayer, and intrayarn) [5]

The experimental characterisation of fibre hybrid composites has largely entailed the same test
standards as those associated with monolithic composites to allow comparison to their
monolithic composite counterparts as a performance baseline. Swolfs et al. [5] highlighted the
failure modes currently observed within the literature. Fibre hybrid composites tended to
follow a rule of mixtures in their tensile modulus, whereas their tensile failure strength and
strain did not typically comply with such a model. This was attributed by Swolfs et al. to the
fibre architecture, fibre alignment, and crimp within the woven plies. Figure 2.5 presents the
typical definitions of the hybrid effect, where Low Elongation (LE) fibres are hybridised with

High Elongation (HE) fibres within a common matrix system.
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Figure 2.5: Definitions of the hybrid effect: (a) Typical load displacement curve of a 50/50
fibre hybrid composite, (b) hybrid deviation from the rule of mixtures [5]
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Much research has been conducted regarding the tensile effect of fibre hybridisation within the
collaborative High Performance Ductile Composite Technology (‘HiPerDuCT’) project

undertaken by the University of Bristol and Imperial College London in the UK [49]. Resulting
from this project, a number of academic papers have been published regarding the hybrid
effect upon the tensile failure of fibre hybrid composites [50]—[54]. Among these, the most
succinct theory of pseudo-ductility during tensile loading of fibre hybrid composites is shown
diagrammatically in Figure 2.6. It was proposed that there are four predominant types of
tensile failure in interlayer fibre hybrid composites, which in turn affect the stress versus strain
response of the material through the combination of translaminar and interlaminar failure
modes. Pseudo-ductility can be achieved through the careful dispersion of fibre hybrids
resulting in both interlaminar and translaminar fracture of the composites. It is therefore
apparent that both the interlaminar fracture toughness as well as the translaminar fracture
toughness, and their relative failure loads are vital to achieving such a pseudo-ductile response,
favoured by industry where CFRP (Carbon Fibre Reinforced Polymer) composites typically

fail in a brittle and catastrophic manner.
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Figure 2.6: Pseudo-ductility during fibre hybrid tensile loading leading to irreversible damage
[52]

Regarding the stacking sequence of interlayer fibre hybrids and fibre placement within

intrayarn fibre hybrids, Swolfs et al. [55] proposed a unidirectional tensile strength-based
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numerical model. By modelling the stress intensity factors around each of the fibre clusters,
they concluded that a carbon/glass interlayer fibre hybrid with spread tow plies produced the
most favourable hybrid effect (higher strain to failure compared to a monolithic carbon
composite), due to the suppression of fibre cluster breaks across neighbouring plies, Figure 2.7,
and a similar phenomenon was also reported by Zhang et al. [56]. In the same paper, Swolfs
et al. also conducted a similar numerical study on commingled fibre hybrids (intrayarn, Figure
2.4) and found the interlayer fibre hybrids to present superior hybrid effects when containing

the same fibre volume fractions.
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Figure 2.7: The tensile hybrid effect as a function of fibre plies within a unidirectional
interlayer fibre hybrid [55]

To calculate fibre hybrid laminate strength and stiffness using an analytical approach,
Summerscales, J. [57] proposed in his PhD thesis a rule of mixtures for fibre hybrid systems
containing two fibre types to the relative Low Elongation (LE) fibres and the High Elongation
(HE) fibres. Assuming there is a common matrix system between the two (or more) fibre

types (and no interaction between the fibres);

E = ELEfULEf + EHEvaEf + Emvm (2.1)

where E is the composite modulus, E;gf is the low elongation fibre modulus, v gs is the low
elongation fibre volume fraction, Eygs is the high elongation fibre modulus, vygs is the high

elongation fibre volume fraction, E,, is the matrix modulus, and v, is the matrix volume

fraction.
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Summerscales also summarised from previous literature [58] that the total elastic strain energy

for a hybrid system consisting of three fibre types was given by the following equation (note

that this assumes that at € = € ,, all the ‘a’ type fibres will fail, at € = €, all the ‘b’ type

fibres will fail and at € = €, all the ‘¢’ type fibres will fail):

12 1 2 ; 2
U= 1/2EAUA EA +1/2EBUB EB +1/2Ecvc € c (22)

where U is the total composite elastic strain energy, E is the modulus for each fibre type, v is
the volume fraction for each fibre type, and €' is the failure strain for each fibre type.
Other researchers largely followed this linear rule of mixtures [5], [59]—[62] and furthering this,

it was surmised by Summerscales [58] that the total strength of a fibre hybrid composite,

comprising of low (L) and high (H) elongation fibres, is given by the following formula:

O” = VLEL E ,L + VHEH E ,H + VLVH(EL - EH)(E ,H _E ,L) (23)

Where (given that € 'y > €'}):
V,E, €', + VyEy €'y = overall strain of the composite (constant strain)
ViE,(1—=V)(€'y —€'L) = upper bound strength (enhancement of LE fibres)

ViEy(1—Vy)(E'L —€ 'y) = degradation of strength (maintaining constant strain)

The tensile, compressive, and flexural properties of fibre hybrid composites were discussed in
a review by Kretsis in 1987 [43]. The review confirmed that both the tensile and compressive
moduli largely followed a rule of mixtures. A higher flexural stiffness was also noticed when
the highest modulus fibres were placed on the outside of the specimens. Although the elastic
modulus of fibre hybrid composites have largely followed a linear rule of mixtures approach,
the same cannot be said for their strength. Researchers have therefore proposed a bilinear
rule of mixtures [59], [60], [63], where a critical volume fraction governs the bilinearity,

summarised succinctly by Ribeiro et al. [64] as follows:
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ViSL + VyEger; Vg < Vi

2.4
VuSu; Va > Verie (24)

Ohybrid = {

where S, and Sy are the reference strengths of the Low Strength (LS) and High Strength (HS)
one layer composites, Ey is the elastic modulus of the monolithic HS composite, Vi is the
relative LS fibre volume fraction, Vy is the relative HS fibre volume fraction, g, is the strain
to failure of the monolithic LS one layer composite, and V. is the critical value of the HS

fibre volume fraction (given as follows, where the relative fibre volume fractions, homogenising

the matrix: Vi, + Vi = 1, and substituted into (2.4)):

SL

Vg = ———L
erit SL+SH_EH£L

(2.5)

Using the linear rule of mixtures (Equation (2.1)), Ribeiro et al. [64] proved reasonable
correlation between the analytical modulus against experimental data for a range of

carbon/glass (denoted as CHM/G), carbon/basalt, and carbon/carbon fibre hybrid epoxy

composites (Figure 2.8a). They also proved some correlation between the same materials’

hybrid strength using the bilinear rule of mixtures approach (Equation (2.4)), Figure 2.8b.
Other researchers have however reported poor correlation whilst using the bilinear rule of

mixtures approach in both carbon/glass [62] and carbon/polyethylene [65] fibre hybrids.
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Figure 2.8: UD high modulus carbon/E-glass fibre hybrid composite: (a) linear rule of
mixtures for elastic modulus, (b) bilinear rule of mixtures for tensile strength [64]
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There have been Mode I and Mode II interlaminar tests of fibre hybrid composites which
contain carbon nanotubes dispersed through the neighbouring fibre hybrid plies [45], [66]—[71].

The testing associated with such interlaminar properties have largely been conducted using
Double Cantilever Beam (DCB) and 3 or 4-point End Notched Flexure (3-ENF or 4-ENF)
testing. Interlayer fibre hybrids are likely to present lower interlaminar fracture toughnesses
in both Mode I and Mode II compared to intralayer fibre hybrids due to the undulations
caused by the crimp resulting in a tortuous fracture surface [72], as well as the thicker resin
layer between plies noticed in the nesting of un-woven fabrics [73]. Fibre bridging has also
been reported to increase the Mode I fracture toughness in glass/flax fibre hybrid composites
[56]. Testing by Hwang and Shen [74] in Mode I, and Hwang and Huang [75] in Mode II for
a carbon/glass fibre hybrid epoxy composite also concluded that the fibre hybrid composites
presented higher interlaminar toughness than monolithic composites. Aside from one other
paper by Miyairi and Wakabayashi in 1984 [76] (which was published in Japanese), data
regarding the interface between carbon and glass fibres within the same epoxy system was
scarce. There was, however, interlaminar testing conducted on commingled fibre hybrid yarn
thermoplastic and epoxy composite systems by Thanomsilp and Hogg [77]. They utilised DCB
and 4-ENF testing for both a thermoplastic and epoxy matrix systems encapsulating
glass/polypropylene, glass/nylon, and glass/modified polyethylene terephthalate. They found
that doublers were required for the testing to alleviate unwanted compressive failure on the
laminate surfaces during bending. This was also used by other researchers including Reeder
and Whitley [78] for non-hybrid composites, who showed the purpose of the doublers used in

a DCB test specimen diagrammatically in Figure 2.9.

P

Doubler material

Compression failure \

-

(a) DCB specimen without doubler P (b) DCB specimen with doublers P

Figure 2.9: Diagram showing effect of doubler plates [78]
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Since the interlaminar fracture toughness Mode I and Mode II testing of an interlayer fibre
hybrid inherently presents through-thickness compliance discontinuity, due to the off-mid-
plane delamination, research has been conducted to take this into account when calculating
the fracture toughness. Most notably the interface between polymeric composite and metallic
surfaces has been studied for both Mode I [79]—[81] and Mode II [82]-[84]. Due to the drastic
variation in stiffness between these neighbouring materials correction factors in calculating the
fracture toughnesses for Mode I and Mode II are presented by Ouyang et al. [85] and Ouyang
and Li [86] respectively. Research has however been published where the stiffness variation
between the Mode I DCB arms is minimal, and therefore neglected when characterising the

interlaminar properties of fibre hybrid composites [56].

2.1.3. Translaminar fracture toughness of fibre hybrid composites

The need to characterise a material’s translaminar fracture toughness relates directly to
numerical impact modelling and component design of industrial components, where loading
scenarios such as OHT (Open Hole Tension) due to fastener holes and debris-based impact
events are often present. Researchers [87]—[90] have characterised the fracture toughness of
CFRP composites using the Compact Tension (CT) specimen design similar to the ASTM
E399 [91] standard but its success has relied heavily upon the relatively similar tensile and
compressive strength of the material systems. A common unwanted failure that occurred
during CT testing has been that while opening the CT arms, the un-notched rear side of the

specimen underwent compressive forces leading to premature failure through compression
(FM1, Figure 2.10), as well as out-of-plane buckling (FM6, Figure 2.10) [87], [92]-[95].

Premature compressive failure tended to occur for woven materials with high levels of crimp
and materials with low compressive strengths compared to their tensile strengths, when using
test methods summarised succinctly by Blanco et al. [93] and Laffan et al. [90]. Composites

commonly exhibit lower compressive strengths due to the presence of microbuckling which
leads to fibre kinking [96]—[98]. Fibre crimp due to the fibre architecture notably causes this

premature compressive failure, since composites typically have crimp angles of around 3° [97].

The interfacial properties between two neighbouring fibre types within an interlayer fibre
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hybrid composite have also been reported to affect the translaminar fracture toughness,

although in a CC (Compact Compression) specimen, by Tsampas et al. [99)].

Blanco et al. [93] proposed a novel 2TCT’ (Two Tapered Compact Tension) specimen
geometry which contained four tapered edges to minimise compressive failure at the rear of
the specimen (FM1, Figure 2.10). Parametric modelling was employed to achieve the desired
specimen geometry, where various unwanted failure modes were considered along with various
geometrical manipulations. They found that a specimen thickness of 5.6mm was optimal for
reducing the unwanted premature buckling (FM6) and compressive failure (FM1) modes, albeit
for only one material system. The parametric study involved seven specimen types, drawing
inspiration from the standard CT and Extended Compact Tension (ECT) geometries from the
ASTM E399 [91] standard, and the Widened Compact Tension (WCT') and Tapered Compact
Tension (TCT) geometries from a report by Cher [100]. It should be noted that increasing
the thickness of standard CT specimens were also found to affect the measured translaminar

fracture toughness, as presented by Teixeira et al. [88].
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Figure 2.10: Diagram of a conventional CT specimen with the locations of possible failure
mechanisms [93]

A 2017 study by Swolfs [101] highlighted the effect of fibre hybridisation between carbon and
glass fibres on the translaminar fracture toughness, where the interlayer fibre hybrid was seen
to exhibit values in-between the two monolithic composite counterparts, indicating a possible
rule of mixtures. Ortega et al. [102] also found similar results with interlayer carbon-glass
fibre hybrids, although their CT specimen failed at the rear due to compression (characterised

as failure mode FM1 by Blanco et al. [93], Figure 2.10). To counteract premature buckling

47



within this specimen, Swolfs used a steel anti-buckling guide and verified that the load was

not interfered with by removing it before crack initiation and noted ‘no noticeable change in

load’ [101]. Other researchers have also employed anti-buckling devices (Figure 2.11) with
susceptible composites, utilised to artificially prohibit the out-of-plane buckling and premature
compression failure at the rear of the CT specimen [35], [101], [103], [104]. The issue with this
approach relates to the unknown lateral forces acting upon the specimen. Because the out-of-
plane force at the rear of the specimen is inherently unquantifiable (due to the internal
through-thickness stress fields), anti-buckling guides were not used for the materials presented

within this thesis.

Figure 2.11: Anti-buckling guide for a standard Compact Tension specimen [103]

Another attempt to reduce the unwanted buckling and compressive effects without utilising
an anti-buckling guide has been presented by Donadon et al. [105]. A side ‘groove’ was cut
into the Over-height Compact Tension (OCT) specimen to allow for a lower crack driving
force across a thinned portion of the laminate containing fibres orientated at 90°, Figure 2.12.

An issue arising from this design however lies in the notching process, which does not take
into account any broken fibres arising from the grooving process (undertaken post-cure), hence
reducing confidence in the thickness measurement of the fractured region. The associated R-
curves also proved to be insufficiently long at a crack length of 15mm, and a stable propagation

toughness was not reached.

48



Side grooved region

J 1O,

4 | 1=0.8

O a=72 | =20 |
i alad -
-+ >t *

| w=102 | | h=7.2

Figure 2.12: Modified OCT specimen (dimensions in mm) [105]

2.1.4. Low velocity impact of fibre hybrid composites

Swolf’s review [5], as previously mentioned, considered the impact performance of fibre hybrid
composites present in the literature. A large proportion of the studies were focussed upon the
effect of fibre type dispersion within the composite, and a 30% improvement when carbon plies
were blocked at the impacted surface of the panel was highlighted [106]. These results were
however contradicted by another study [107], where the authors claimed that delamination
between the neighbouring fibre types absorbed more energy than the effect of the fibre
placement and thus the interfacial properties were critical to the energy absorption capabilities
of the fibre hybrid. The placement of aramid fibres on the opposite side to the impact (where
tensile loading is highest) was also noticed to improve penetration resistance under impact
since the tensile fracture toughness of such fibres is known to be higher than that of carbon

fibres [108].

Regarding numerical modelling, a 2018 review by Bogenfeld et al. [109], funded by BMWi (the
German Federal Ministry of Economic Affairs and Energy) [110] and Airbus Helicopters Door
Systems [111], highlighted the numerical approaches regarding low velocity impact on
composite laminates along with their capabilities and level of detail, Figure 2.13. By increasing
the level of detail within the modelling, the computational effort was increased. Early models
included the spring-mass model that provided a quasi-analytical solution for laminate impact
damage through a series of springs with bending. Subsequently, a layered shell model provided

a kinematic response that took into account the natural frequencies of the plate but did not
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typically include ply-by-ply failure characterisation. More recently, a stacked layer model
included both solid shell laminate elements, as well as solid cohesive layer elements to capture
both translaminar and interlaminar damage respectively. Research by Gonzalez et al. [21]

used this approach with some success but concluded that the non-linear in-plane shear response
of the composite laminate must be modelled, as proposed by Maimi et al. [112], to correctly

capture the load response under low velocity impact.

Varying levels of detail can be drawn from the stacked layer method, depending upon the
material modelling approach used and whether an energy-based or stress-based failure model
is incorporated. Typically cohesive layer (COH3D8) elements (capturing interlaminar damage)
are placed between continuum shell elements (capturing intralaminar and translaminar
damage) using an Abaqus-based model [113] and Sun et al. [114] quantified that a minimum
of six cohesive layers are required throughout a modelled laminate to accurately capture
delamination. Bogenfeld concluded [109] that a user-defined material must be utilised to
include the non-linear in-plane shear response and permanent plastic deformation, since

commercial FE code does not offer such capabilities.
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Figure 2.13: Overview of low velocity impact modelling approaches [109]
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Gonzalez et al. [115] conducted an experimental study on the effects that dispersion and
placement of carbon and glass fibre plies within an interlayer epoxy fibre hybrid produced
through Resin Transfer Moulding (RTM) had upon the low velocity impact of composite
panels. Non-destructive C-scanning was employed to characterise the damage severity of the
impacted panels (Figure 2.14). They found that placing the glass fibre plies at the mid-plane
of the laminate improved the energy dissipation. They also concluded that the presence of
carbon fibre plies reduced the overall impact resistance of the fibre hybrid composites under
impact loading, but improved the in-plane properties, highlighting an apparent trade-off

between impact resistance and in-plane properties.

L6

.-,‘.

o
et et ik

Figure 2.14: Post-test C-scans for plate impact of fibre hybrid with various interlayer
carbon/glass configurations L6-L9 (see [115] for more information)

Sevkat et al. [6] conducted a similar experimental study, where carbon-glass fibre hybrids were
subjected to low velocity impact. They showed that the monolithic glass fibre composite
absorbed the most energy over a range of impact energies, whereas the monolithic carbon
composite absorbed the least. They also concluded that although the peak load and absorbed
energy were similar, the delaminated area would be reduced where the glass fibre plies were
located furthest from the mid-plane of the laminate. Enfedaque et al. [116] also showed that
placing the glass fibres on the outer surfaces improved the impact resistance of interlayer
carbon-glass fibre hybrid composites, which was attributed to the higher strain to failure of

the glass fibres.

Concerning the fibre architecture of low velocity impact on composite laminates, Potluri et al.
[117] studied the effect of the fibre weave type upon the damage area prior to six energy level
impacts ranging from 5J to 30J. They noticed a reduction in in-plane damage with an increase
within the three-dimensionality of the fibre weave. The impact damage from these studies

were confined by a 40mm diameter hole clamp on the laminate during testing to reduce plate
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bending. They concluded that at low velocities (where penetration did not occur), uni-
directional laminates failed mostly through interlaminar failure, whilst 3D laminates failed
more locally, with through-thickness penetration. They also concluded that the compression-
after-impact strength was reduced with higher fibre crimp angles, proving less desirable for

component design.

Corum et al. [118] conducted multiple impact studies upon chopped glass, cross-ply carbon,
and quasi-isotropic carbon epoxy composite laminates for automotive bodywork structures for
the US department of Energy Office of Advance Automotive Technologies [119]. They chose
a pendulum impact test to represent ‘relatively large objects’ such as a dropped tool, a gas gun
impact test to represent small objects such as roadway debris, and brick drop impact to
represent larger, and more globally destructive impacting bodies [118], [120]. They concluded
that an impactor head of 12.7mm diameter for the pendulum and gas gun tests was suitable
to bound other impact studies of 6.4mm to 101.6mm diameter heads found within the

literature, where a larger hemispherical diameter led to an increase in damage [121].

Numerical modelling has been carried out on the low velocity impact of interlayer fibre hybrid
composites using LS-DYNA MAT-43 and then compared to experimental results [6], showing
reasonable correlation between peak loads. Since the numerical modelling did not utilise any
energy-based damage however, the energy absorption of the models did not compare well to
the experimental results and no indication of a quantified displacement correlation was
reported. Superior accuracy is noted when the mesh density does not affect translaminar
fracture within numerical modelling. This can be achieved by means of crack smearing the
translaminar fibre fracture using a bilinear energy-based failure model, where the energy
dissipated is made a function of the element volume resulting in a mesh-independent failure

model [122].

Research by Ying et al. [123] presents the low velocity impact response of intralayer fibre
hybrid composites, where attempts have been made to categorise the associated failure modes.
This research identified the damage morphology of both intralayer and interlayer carbon-

aramid/epoxy fibre hybrid composites under impact. They concluded that the although the

‘ductility index’ of the fibre hybrid composites were higher than that of the non-fibre hybrid
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composites, further optimisation and research must be done to exploit these lightweight

materials, particularly for the automotive industry.

Donckels et al [124] reported ‘dent relaxation’ effects within low velocity impact of biaxial
composite plates. They noticed that the plastic deformation of the surrounding material at
an impact site was not permanent and returned to its original state after a prolonged period
of time (24 hours) after the impact event. This may be explanatory for some discrepancies
between experimental test data and numerical modelling that do not incorporate this
phenomenon. Research by Tan et al. [125] utilised a non-linear shear cracking three-
dimensional material model to accurately capture the permanent indentation with good
accuracy. They concluded that its accuracy is highly relevant for CAI (Compression After
Impact) modelling, where permanent strain deformation affects the post-test compression

strength.

The friction coefficient between austenitic stainless steel and glass fibre polymer composites
was reported to be less than 0.1 [126], whereas between 3000-series aluminium and carbon fibre
epoxy to be approximately 0.3 [127]. This data would be used in numerical modelling, where

the test fixtures and impactor tup heads are commonly metallic.

2.1.5. Component scale impact modelling of fibre hybrid composite structures

Full structural impact testing and numerical modelling of fibre hybrid composites has not been
a wide-reaching topic of interest in the literature, largely due to the expense and the need to
fully characterise the material properties and base level failure modes before designing or
manufacturing the components. Since fibre hybridisation has seen a recent resurgence within
the research community as a whole however, there have been a few attempts at producing full
structural components for testing [128], [129]. The emergence of lightweight structural
composite bodywork has been expedited in recent years within the automotive industry due
to international governmental regulations promoting the reduction of CO, output from

vehicles, summarised succinctly by Ishikawa et al. [130], Figure 2.15.

53



Europe —

Regulation 2020: c ocel China &
North America C02 95 g/ km - | Regulation 4" Step
CAFE, GHG Euro 6 Regulation , Regulation
Regulation Expanding EV 14.5 t/km (2015)
LEV Ill, ZEV 20.0 t/km (2020)
Regulation

o

Regulation 2020:

o Indian Under Discussion
‘5} ! 1" Fuel Cell Car

Figure 2.15: Global automotive CO, regulations, critical emission or gas mileage [131]

Due to this change in legislation, companies such as BMW are driving material development
by using composite bodywork within their 7-series production model chassis, which contains
both monolithic metallic as well as composite structures, Figure 2.16. Within the UK,
composite manufacturers such as FAR UK [132] and CARBIO [17] have also entered the
market with automotive components. FAR UK [132] have developed a carbon fibre chassis
with Axon Automotive [133] targeting small car manufacturers who require a crashworthy
chassis design. CARBIO [17] is developing an automotive structure manufactured by
hybridising both carbon and flax fibres, which they claim enhances vibrational damping whilst
maintaining relatively low weight and high bending stiffness, compared to a monolithic

composite structure.

\\"_ >

e

Figure 2.16: BMW 7-series chassis consisting of both metallic and fibre reinforced polymer
composite structures [134]
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In 2018 Safri et al. published a review on the impact behaviour of fibre hybrid composites for
structural applications [4], but few examples of fibre hybrid composites used for structural
impact components were mentioned. An automotive bumper beam manufactured from carbon
and glass fibre hybrid composite with a thermoplastic matrix was presented and shown to
improve impact performances whilst reducing 33% weight relative to its monolithic glass fibre
composite counterpart [135]. Another example of fibre hybridisation was an intrayarn
pultruded I-beam manufactured from carbon and glass fibres in a polyester resin [136].
Numerically modelled using Abaqus’ Hashin failure, then compared to experimental bending
tests, the results compared well. It should be noted however that the fracture toughnesses
used were experimentally characterised from the area under the standard tensile test curves,

and not through traditional translaminar toughness testing [137].

A global-local numerical modelling strategy was used to capture low velocity impact damage
on laminate plate impact [138], [139] with the global section containing only shell-based
elements with elastic deformation. This methodology has also been scaled up to full-scale
curved structural panel simulation [109]. The computational times were then compared to an
identical model comprised of stacked-solid elements containing damage criteria throughout the
structure. The global-local approach was proven to provide calculation time of 1.8% compared

to the fully modelled counterpart. It is therefore reasonable to assume that local impact
damage must be modelled inherently within a specific region of a components’ structure using
a global-local method. Research by Zhang [140] proved that a shell-based model for a very
similar full-scale structural panel provides good elastic correlation with experimental testing,
but does not provide the extent of damage that a fracture based material modelling approach

provides.

Virtual strain gauges have been used with some success in low velocity impact of fibre hybrid
panels for comparison to experimental testing. The following correlation between the

experimental and numerical gauges upon a standard plate impact specimen were reasonably
accurate, but exhibited a clear delay in signal transmission due to the ‘inherent stiffness of

finite element formulation’ [6], Figure 2.17.
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Figure 2.17: Comparison of dynamic strain for experiment and numerical model for fibre
hybrid plate impact: (a) glass-carbon-glass layup, (b) carbon-glass-carbon layup [6]

Another example of strain gauge to virtual strain gauge comparison was presented by SAE
(Society for Automotive Engineers) [141], although not for a fibre hybrid composite. Their
research presented reasonable correlation between experimental testing and a numerical model
of a ‘hood slam test’, where a car bonnet was slammed shut and virtual gauges compared

reasonably well to their experimental counterparts at a region close to a high stress location.

The numerical solution underwent resonance throughout the event, probably due to
underdamping of the material model. Therefore, the maximum strain presented at ‘Point B’

is likely to be higher than the correct strain that a sufficiently damped model would exhibit,

Figure 2.18.
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Figure 2.18: Strain comparison for hood slam test [141]
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2.2. Gaps in the literature and research plan

2.2.1. Characterising fibre hybrid composite material properties

It was apparent that there was little if any data available regarding the hybridisation of
Vectran with carbon fibres in the literature, although the Formula One racing industry widely
utilise other aramid-based fibres such as Zylon, Kevlar, Nomex, Spectra, and Dyneema in their
debris impact absorbing fibre hybrid composite structures [142], [143]. The use of thin ply
carbon and glass within fibre hybrid composites have been studied [144], [145], but not within
the specific architecture of spread tow T700 carbon with non-crimp S2-glass, and within an
MTM57 epoxy matrix. By testing these materials, through both standard and non-
standardised test regimes, the material properties alone would present novelty in the field.
Furthermore, fractographic analysis of the failed specimens would provide insight into the

complex failure modes associated with fibre hybrid composites.

Although the use of doublers is common within the literature for materials exhibiting poor in-
plane compressive properties, data is sparse regarding the interlaminar fracture toughness in
Mode I or Mode II between interlayer or intralayer fibre hybrid composites within a common
matrix system and without the presence of carbon nanotubes. Because of this, the use of such
a test regime would provide a novel application of traditional Mode I and Mode II fracture
toughness testing for the fibre hybrid composite systems in this research. By characterising
the monolithic constituent composite properties as well as the fibre hybrid composites, further
insight into the interlaminar fracture associated with the fibre hybrid constituents and their

fibre architectures can be made.

2.2.2. Translaminar fracture toughness of fibre hybrid composites

The use of anti-buckling guides in translaminar testing were discussed and there were few
solutions in the literature to reduce the unwanted buckling of composites when utilising typical
CT specimen geometries such as those specified in ASTM E399 [91]. Some solutions not
involving anti-buckling guides were suggested however, such as increasing the specimen
thickness or introducing tapered corners to the specimen geometry, as proposed in the
parametric geometrical CT study by Blanco et al. [93]. Since aramid-based fibres are to be

utilised in this research (as directed by the funding body due to their high energy absorption
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properties) and exhibit low compressive strengths [143], a novel Compact Tension specimen
geometry will be developed, negating the need for over-thick specimens (which in turn affect

the measured toughness values [88]), or anti-buckling guides [101] (where the out-of-plane

stress fields’ effect upon the resulting toughness value is difficult to quantify).

2.2.3. Low velocity impact of fibre hybrid composites

There has been experimental research into the effects that the dispersion of two types of fibres
have upon the low velocity impact resistance of interlayer fibre hybrid composites, as
previously discussed. Currently, no research has been conducted into incorporating monolithic
fibre composite properties (including their translaminar fracture toughnesses) into an
interlayer fibre hybrid ply-by-ply numerical model under low velocity impact. This has been
partly due to the scarcity of both in-plane, translaminar, and interlaminar data for the
monolithic constituents of interlayer fibre hybrid systems. Swolfs et al. [101] highlighted the
importance of translaminar fracture toughness in the penetration of fibre hybrid composite

impact, stating that there are ‘large synergetic effects of up to 40% compared to the linear

rule-of-mixtures’, meaning that the a stress-based formulation may be inadequate in capturing

the associated hybrid effect.

There has been no research into utilising the translaminar fracture toughness of intralayer
fibre hybrid composites within low velocity impact modelling. Although this approach would
incorporate homogenisation of the material across the in-plane properties, it presents
advantages such as scalability to full scale industrial components where numerical models
would typically contain millions of elements. Without modelling each fibre ply individually,
the modelling time and cost can be reduced for full scale components, highlighted by Bogenfeld
et al. [109].

The rate dependence (due to material viscoelasticity, see [146]) associated with GFRP (Glass
Fibre Reinforced Polymer) composites is available within the literature [147]. The loading
rate can be seen to affect the moduli and strength of composites and capturing this
phenomenon can lend to accurate numerical modelling. There is only one set of data available

for the in-plane shear response of an S2-glass epoxy system however. Tsai and Sun published
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this data [148] and similar data was not found elsewhere, highlighted by Singh’s 2018 literature
review on strain rate effects [149]. In composites (particularly GFRP), the loading rate has
an effect upon the impact performance and thus will be taken into account when numerically

modelling low velocity impact.

2.2.4. Component reduced scale impact modelling of fibre hybrid composite structures

The research into fibre hybrid composites for structural component low velocity impact testing
has been discussed, where the few relevant literature studies have been identified. Therefore,
any component scale impact testing conducted will be highly novel, particularly when
comparing to an energy-based bilinear plane stress numerical modelling approach which has
not been presented in the literature previously. This type of material modelling, which
provides extent of damage as well as damage onset, has not yet been utilised with fibre hybrid
composite laminates, nor on structural components manufactured from fibre hybrid
composites. Endeavouring to do so will provide insight into the feasibility of such modelling
techniques for fibre hybrid composite structures, and therefore their suitability for use in

automotive structure design, where numerical modelling is heavily relied upon [24].
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3. Characterisation of fibre hybrid composites and their
monolithic composite counterparts

3.1.Introduction

To accurately numerically model fibre hybrid composites, the constituent materials must first
be fully characterised. It was therefore necessary for an array of both standard and non-
standard tests be performed, where the monolithic and hybrid composite properties could be
determined. Table 3.1 summarises the tests used to quantify the material data, and any
relevant information about the processes used where test standards were not utilised. All tests

in this Chapter were carried out at room temperature using a quasi-static (where any rate

effects can be applied post-test for scaling to higher rate numerical modelling), mechanically

screw-drive actuated Instron 5969 test machine, fitted with a calibrated 50kN load cell.

Table 3.1: Base level tests performed on fibre hybrid composites and constituents

Mode Test standard Reasoning
BS ISO 527-4: 1997 [150] .
. . Well established test method, used
Tension BS ISO 527-2: 2012 [151] (resin . .
extensively throughout the literature
only)
Haeberle and Matthews test rig [152] Test fixture developed at Imperial
Compression and BS ISO 604: 2003 [153] for College London, similar to BS ISO

monolithic resin

14126:1999 [154]

In-plane shear

BS ISO 14129:1998 [155]

Long-standing test method,
standardised throughout literature

studies

Interlaminar

fractrure toughness:

Mode I

ASTM D5528: 2014 [156]

‘Double-cantilever beam’ method,
cited and well established in the

literature

Interlaminar

fracture toughness:

Mode II

Non-standard: 4-End Notched
Flexure 'Martin and Davidson

method’ [157]

Experimental data reduction
technique taking into account beam

bending theory

Volume fraction

Non-standard: 'McDonough et al.
thermal gravimetric analysis
method’ [48] + analytical

microscopy

ASTM Journal paper [48], not yet a
standard available for fibre hybrid

volume fraction measurement

Density

AccuPyc II 1340 Pycnometer [158]
+ standard test-lab weighing scales

Accurate measurement of volumes

through nitrogen purge cycling
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In total three discrete monolithic composites were investigated, along with one interlayer fibre
hybrid and one intralayer fibre hybrid composite (see Figure 2.4). The materials tested are

listed and their respective cured images of their tow architectures are shown in Table 3.2.

Table 3.2: Materials tested
Material description

Monolithic S2-glass non-crimp composite .
warp E
(0°/90°) (312gsm fibre blanket density) direction o
g |
Fibre supplier: Sigmatex [7] T | é =
E
MTMS57 resin supplier: Solvay [8] E
Monolithic T700 carbon spread tow 12K plain -
g
weave composite (0°/90°) warp ;
directi
(88gsm fibre blanket density) Hrection ;l
i<
Fibre supplier: Sigmatex [7] T i
o
MTMS57 resin supplier: Solvay [8] a
Monolithic Vectran non-crimp composite g
g
(0°/90°) (212gsm fibre blanket density) dixil‘;?on = g “TT
Fibre supplier: Sigmatex [7] T s =
3 i E
MTMS57 resin supplier: Solvay [8] -8 ‘ E
| S GRS |
Interlayer fibre hybrid: T700 carbon spread tow
12K plain weave (0°/90°)/S2-glass non-crimp
(0°/90°), alternate carbon (C) and glass (G) ply warp
direction g
blocks of [C-G-C-G-C-G-C] = 1mm thick (ie, g
™
2mm thick mirrors this block for symmetry) T
Fibre supplier: Sigmatex [7]
MTMS57 resin supplier: Solvay [8]
Intralayer fibre hybrid 2x2 twill weave: 50%
g
T700 carbon/ 50% Vectran warp &
) direction . R
(520gsm fibre blanket density) R
o
Fibre supplier: Sigmatex (7] T ” é
o
[_‘

MTMS57 resin supplier: Solvay [8]

61



All the composites were manufactured using RFI with MTM57 resin film, vacuum bagged at
a ramp rate of 100°C/hour to 125°C, dwelled for 1 hour before a non-controlled cool down to
room temperature, as specified by the manufacturer (Solvay) [159]. A fibre volume fraction
for each material was nominally 0.55, although the true fibre volume fractions were determined
through both TGA and analytical microscopy (Section 3.1.4). All tests were conducted with

five specimens to provide reasonable statistical scatter within the results.

For all layup sequences displayed, 0° relates to the warp direction for the woven fabrics and
0° for the non-crimp fabrics. Due to cost and time constraints within the Datacomp project

[160], the materials were all tested solely in the warp (0°) direction. This was considered
acceptable since previous studies regarding non-crimp carbon fabrics showed that the influence
of loading direction (ie warp or weft) had little effect on the resulting mechanical properties,
with low scatter between the two directions (within the normal scatter of the test specimens)
[161]. Furthermore, although the tow width for the carbon spread tow composites was large
with respect to the specimen dimensions (namely in the compression and tension specimen
dimensions), the surface ply location was not noticed to affect the mechanical properties, with
low levels of scatter noticed throughout the test regimes. It should be noted that the unit cell

locations of the laminates were not controlled.

3.1.1. Tension testing

Tensile characterisation utilised the BS ISO 527-4: 1997 [150] test standard where end-tabbed

specimens of nominal dimensions 25mm x 2mm x 250mm were loaded axially in tension at a

stroke of 2mm /min. To determine the Poisson’s ratio, an Imetrum optical gauge measurement

system was used to capture the axial and transverse strains one side of the specimen’s surface
using two points 40mm axially and two points 14mm transverse to the loading direction. The
interlayer T700 carbon/S2-glass specimens utilised strain gauging due to lack of equipment at
the time of testing. The BS ISO 527-2: 2012 [151] test standard was used for the monolithic
MTM57 resin tensile testing. Figure 3.1 shows this data in terms of representative stress
versus strain curves for each material, and Table 3.3 summarises the resulting material

properties. Figure 3.2 displays the representative failed specimens post-test. Any numerical
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modelling would idealise that the stress versus strain curves are linear to failure, regardless of
the experimental load responses. The non-linearity of the tensile responses are due to matrix
crazing during damage onset, hence reducing the recorded moduli in the S2-glass, interlayer

fibre hybrid, and monolithic MTM57 resin.

1400
——Monolithic T'700 carbon
1200
Interlayer fibre hybrid
1000 T700 Ca.I"bOTl / SQ-glafss
— Intralayer fibre hybrid
£ T700 carbon / Vectran
= 800 S
= ——Monolithic Vectran
2 600
& — Monolithic S2-glass
n
400 .
—MTMST7 Resin
200
0
0 10000 20000 30000 40000 50000

Strain (ue)

Figure 3.1: Representative composite tension test results, stress versus strain results

Table 3.3: Tension material properties

Young’s modulus Tensile strength . .
Poisson’s ratio, vi;

Material GPa (MPa)
(GPa) (CV%)
(CV%R) (CV%R)
Monolithic S2-glass composite 22.00 (5.51) 719.77 (3.37) 0.085 (-)
Monolithic T700 carbon composite 65.11 (2.26) 1183.27 (2.75) 0.035 (43.93)
Monolithic Vectran® composite 24.23 (2.67) 778.49 (4.33) -
Interlayer fibre hybrid T700
40.56 (5.01) 661.78 (6.62) 0.049 (6.97)
carbon/S2-glass
Intralayer fibre hybrid T700
29.68 (12.40) 671.83 (7.38) 0.27 (21.36)
carbon/Vectran
MTM57 Resin 2.68 (1.01) 80.07 (5.80) -

*monolithic Vectran composite data courtesy of S. Abdullah, Imperial College London [162] using BS

ISO 527-4:1997 [150]
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Intralayer fibre hybrid T700 carbon/Vectran

Figure 3.2: Representative failure modes for tension tests

The monolithic carbon composite failed in a brittle and highly localised manner whereas the
monolithic S2-glass composite and the intralayer fibre hybrid T700 carbon/Vectran specimens
failed less locally, across a larger gauge region. The monolithic S2-glass composite presented
signs of matrix crazing around the fracture site prior to fibre fracture, evident from the failed

specimen.

3.1.2. Compression testing
Compressive composite material characterisation utilised a non-standard test rig, developed at
Imperial College London [152]. End-tabbed specimens of nominal dimensions 10mm x 4mm x
90mm were end and shear-loaded axially in compression at a stroke of lmm/min. Two strain
gauges were placed either side of the gauge area to determine the overall strain, and whether
premature bending occurred (>10% difference between the two gauges). The BS ISO 604: 2003
[153] test standard was used for the monolithic MTM57 resin compressive strength, considering
the resin as a plastic rather than a fibre-reinforced composite, thus failing in a more ductile
manner than a fibre reinforced composite. Figure 3.3 presents this data in terms of

representative stress versus strain curves for each material, whilst Table 3.4 summarises the
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resulting material properties. It should be noted that the compressive properties of the
interlayer fibre hybrid T700 carbon/S2-glass were not characterised because such test
specimens were all seen to fail outside of the gauge region and presented a discrepancy between
the two strain gauges above the 10% threshold, indicative of premature bending. Due to this,
the homogenised compressive strength for that material was calculated through a rule of

mixtures (Section 3.2) for the homogenised material modelling in Chapter 6.

a00
—Monolithic T'700 carbon
800
700 Intralayer fibre hybrid
TT700 carbon / Vectran
~ 600 —Monolithic S2-glass
& 500
— —Monolithic Vectran
@ 400
200
100
0

0 10000 20000 30000 40000 50000
Strain (pe)

Figure 3.3: Representative composite compression, stress versus strain results

Table 3.4: Compression material properties

Young’s modulus (GPa) Compressive strength (MPa)

Material
(CV%) (CV%)
Monolithic S2-glass composite 32.97 (2.34) 371.81 (6.22)
Monolithic T700 carbon composite 55.71 (11.74) 761.98 (12.60)
Monolithic Vectran® composite 13.92 (2.45) 82.82 (5.34)
Intralayer fibre hybrid: T700
20.97 (8.18) 165.78 (6.88)
carbon/Vectran
MTM57 Resin 3.08 (1.65) 116.08 (1.16)

*monolithic Vectran composite data courtesy of S. Abdullah, Imperial College London [162] using the

Imperial College test rig [152]

Figure 3.4 presents the representative failure modes associated with the compression
specimens. It can be seen that mid-plane delamination dominated the compression failure
within the monolithic T700 carbon composite specimen and brooming was noticed in the

intralayer fibre hybrid T700 carbon/Vectran specimens. The monolithic S2-glass composite
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showed through-thickness shear at approximately 45°, indicative of an acceptable failure mode

[154].

The compression moduli are seen to vary to the tensile moduli. For the monolithic Vectran
composite this reduction in compressive modulus can be attributed to the fibrillous nature of
the fibres, promoting micro-buckling. The monolithic carbon composite compression modulus
is lower than its tensile modulus due to the crimp in the spread tow weave (promoting fibre
kinking). The tensile modulus of the monolithic S2-glass composite was perceived to be lower
than its compressive modulus due to matrix crazing during the onset of loading, hence reducing

the modulus was calculated within the (latter) linear portion of the tensile loading (1000-

3000pe).

90mm

A
v

Monolithic T700 carbon composite

| Intralayer fibre hybrid T700 carbon/Vectran

Figure 3.4: Representative failure modes for compression tests

3.1.3. In-plane shear testing
In-plane shear composite characterisation utilised the BS ISO 14129:1998 [155] test standard,
where end-tabbed specimens laid-up at +45° fibre orientations of nominal dimensions 25mm x

2mm x 250mm were loaded axially in tension at a stroke of 2mm/min. An Imetrum optical

measurement system was used to capture the axial and transverse strains one side of the
specimen’s surface, which was required to calculate the shear strain within the gauge region of
the specimen. The shear response of axially loaded *45° fibre orientations was largely non-

linear beyond the initial modulus and therefore the full in-plane shear response curves were

required to accurately numerically model low velocity impact testing (as recommended by [21],
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[112]), as opposed to a single modulus and chord or strain offset strength (as suggested within
the test standard [155]). The function utilised within the Abaqus VUMAT subroutine [163]
(Chapters 5 and 6) to populate this non-linear behaviour utilised the following formula to
generate a best curve fit for the test data (see Section 5.3.1 for further details). The
instantaneous strain y is applied to this function at every time step to govern the resulting

in-plane modulus Gys,.

Gult

G, = maximum{ o o
N GlZinite Alr=ro) _A(y_yo)Glzinite A(r=vo)

where y is the shear strain, A is a fitting constant, Gy is the initial (linear) modulus, G, is
the final (linear) modulus, Sc, is stress at which the response transitions from linear to non-

linear, and y ¢=Giaiit/Sco is the strain at the linear-to-non-linear transition.

Figures 3.5 to Figure 3.8 present the experimental stress versus strain data plotted alongside
the FE curve fits (fit parametrically) used in the numerical modelling, and Table 3.5
summarises the in-plane shear properties along with the parameters used for numerical
modelling. From the stress versus strain graphs, the majority of FE curve fits, and hence
properties, can be seen to fit within the scatter of the experimental test data. It should be
noted that due to logistical restraints strain gauges were used for the interlayer fibre hybrid
T700 carbon/S2-glass specimens and thus the entire response was not recorded due to
premature strain gauge failure. Scissoring was noticed in the failed specimens (Figure 3.9) and
as the fibres aligned axially in the loading direction, the test deviated from a pure in-plane
shear response. This phenomenon was accounted for however, since the numerical modelling

in Chapters 5 and 6 utilised the entire curve fit.
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Figure 3.5: In-plane shear response of monolithic S2-glass composite
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Figure 3.6: In-plane shear response of monolithic T700 carbon composite
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Figure 3.7: In-plane shear response of intralayer fibre hybrid T700 carbon/Vectran
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Figure 3.8: In-plane shear response of interlayer fibre hybrid T700 carbon/S2-glass

Table 3.5: Nominal in-plane shear properties as fitting parameters for numerical modelling

Gi2ini G S S
Material 12init 12ult c Co A
(GPa) (GPa) (MPa) (MPa)
Monolithic S2-glass composite 5.68 0.20 83.66 2.67 51.0
Monolithic T700 carbon composite 4.25 0.21 114.41 0.74 33.5
Intralayer fibre hybrid: T700
2.47 0.09 57.74 1.77 24.0
carbon/Vectran
Interlayer fibre hybrid: T700 carbon/S2-
1 5.57 0.22 84.56 4.00 50.0
glass

25mm

Monolithic T700 carbon composite

(] L ] 3

Monolithic §2—glass composite

Intralayer fibre hybrid T700 carbon/Vectran

Figure 3.9: Representative failure modes for in-plane shear tests
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The monolithic T700 carbon and intralayer fibre hybrid T700 carbon/Vectran specimens
showed signs of significant scissoring prior to ultimate fibre fracture. Similar to the tensile
testing, the monolithic S2-glass specimen presented matrix crazing throughout the gauge region
prior to ultimate failure with little scissoring. The interlayer fibre hybrid presented less
scissoring than the monolithic T700 carbon specimen due to the presence of the S2-glass fibres,

and the S2-glass fibres remained intact after the fracture of the T700 carbon fibres.

3.1.4. Volume fraction measurement
To characterise the composites regarding their constituent fractions, a TGA
(Thermogravimetric Analysis) burn-off method as well as an analytical microscopic approach
was undertaken. Since the degradation temperatures (Table 3.6) vary between the MTM57
resin, T700 carbon fibre, S2-glass fibre, and Vectran fibres it was possible to burn off each of
the constituents individually to obtain their weight fraction (and therefore volume fractions)
without affecting the other constituents. The TGA method heated each composite sample and
recorded the sample weight during constant ramp rates to elevated temperatures. This was
then used to calculate the composite’s volume fraction for each of their constituents, where
individual densities for the constituents had been previously determined. The AccuPyc IT 1340
pycnometer was used to measure the bare fibre densities as well as the resin only density, for
the weight to volume fraction calculation as follows, following a similar approach to that

published in reference [48]:

For carbon/Vectran hybrid: For carbon/glass hybrid:
Wo =W, + W, +W, Wo =W, + W + W
WT1=VVC+VVU WT1:VVC+%

Wry =W, Wry = W

w, (3.2)
v =" (1)

where W, is the dry mass of the sample, W, is the mass of the resin, W, is the mass of the

carbon fibres, W, is the mass of the Vectran fibres, ¥, is the mass of the glass fibres, Wz, is

the mass of the sample after the first temperature exposure, Wy, is the mass of the sample
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after the second temperature exposure, v, is the volume fraction of ‘x’ constituent, and p, is

the density of the ‘x’ constituent.

The burn-off tests were carried out within a nitrogen environment to alleviate any unwanted
oxidisation leading to unstable burn-off. Repeatable volume fractions for each material were
calculated using this approach and supported using analytical microscopy. The following
Figures (Figure 3.10 to Figure 3.13) present the weight percentage fractions of each material
during the TGA analyses. Table 3.6 presents the volume fraction results for each of the
materials tested from the TGA, as well as the measured densities from the Pycnometer
recordings. The weight percentage was considered to have plateaued once a rate change of -
0.1%/min was reached. It should be noted that one of the intralayer fibre hybrid T700
carbon/Vectran burn-off tests was shortened in time and therefore presents the variation to

the other specimens, noticed in Figure 3.13.
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Figure 3.10: Monolithic S2-glass composite thermogravimetric burn-off, weight %
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Figure 3.11: Monolithic T700 carbon composite thermogravimetric burn-off, weight %
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Figure 3.12: Interlayer fibre hybrid T700 carbon/S2-glass burn-off, weight %
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Figure 3.13: Intralayer fibre hybrid T700 carbon/Vectran burn-off, weight %

Table 3.6: Thermogravimetric analysis results, volume fractions and density

Degradation Ve/v Ve 3
Material gt g/ Ve (CV% ) P, kg/ m
temperature (°C) (CV%) (CV%) (CV %)
Monolithic S2-glass 1056 0.559 0.441 1904.6
composite Ref: [164] (1.47) (1.87) (0.84)
Monolithic T700 carbon 900 0.532 0.468 1532.9
composite Ref: [48] (3.65) (4.15) (0.14)
. 300 1202.8
MTMS57 resin - - -
Ref: [159] (0.05)
Interlayer fibre hybrid: 0.365 0.194 0.441 1772.2
T700 carbon/S2-glass (2.22) (2.34) (2.32) (0.34)
. - 0.343 0.297
Intralayer fibre hybrid: . 0.360 1574.9
(Vectran: ~450 (23.33) (15.94)
T700 carbon/Vectran (12.24) (4.78)
Ref: [165]) Total ve: 0.640 (6.87)
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It can be seen that the scatter associated with the intralayer fibre hybrid T700 carbon/Vectran
was considerably higher than that of the other materials. This was attributed to the sample
size required by the TGA being small ("4mm x 4mm x 4mm) compared to its unit cell
(approximately 10mm x 10mm, in-plane, see Table 3.2). Therefore the TGA presented large
variations in the volume fractions due to the smaller specimen sizes for the intralayer fibre

hybrid T700 carbon/Vectran.

To further determine a more accurate evaluation of the fibre volume fraction for the intralayer
fibre hybrid T700 carbon/Vectran and the interlayer fibre hybrid T700 carbon/S2-glass, image
processing software Fiji/ImageJ (ver. 1.51h) [166] was used to analyse microscopic images of
the fibre hybrid cross sections. The cured specimens were potted and then cut to through-
thickness cross sections. The resulting specimens were then polished so that the contrast
differences between the fibre types could be identified. An automatic zoom Zeiss camera was
then used to capture the polished through-thickness cross section of the fibre hybrid

composites.

Firstly, as shown in Figure 3.14, the microscopic images were imported into the image
processing software and converted into an 8-bit binary format. The image was then passed
through a threshold analysis to numerically identify between the pixels associated with the
carbon fibres types due to their lighter hue. The threshold was set in such a way as to
incorporate the resin equally into the non-identified fibre category so that only the carbon
fibres were highlighted. From this, the carbon fibres were set to a black format (binary: 1)

and the other composite constituents were set to white (binary: 0).
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Figure 3.14: Microscopic through-thickness unit cell of interlayer fibre hybrid T700
carbon/S2-glass, Fiji/ImageJ binary threshold processing carbon fibres

Figure 3.14 shows this conversion from raw microscopic image into the binary threshold for
the interlayer fibre hybrid T700 carbon/S2-glass and the same for the intralayer fibre hybrid
T700 carbon/Vectran (Figure 3.15), where the carbon fibres were set to black in both cases.
The pixels were then counted according to their binary identifier and an area percentage was
determined. Both fibre hybrid systems exhibited fibre waviness in these cross-sectional
micrographs likely leading to low compressive strengths [97]. The interlayer fibre hybrid
showed less waviness than the intralayer fibre hybrid, due to the carbon spread tow plain

weave architecture exhibiting less crimp than the 2x2 twill intrawoven carbon and Vectran

fibres.

Assuming that the scatter associated with the unit cell was adequately captured through the
presence of multiple randomly oriented plies across a large enough cross-section, the analytical
microscopy gave carbon fibre volume fractions (v.) of 0.20 (theoretically 0.27 [7]) for the
interlayer fibre hybrid T700 carbon/S2-glass and 0.43 (theoretically 0.50 [7]) for the intralayer
fibre hybrid T700 carbon/Vectran. The interlayer fibre hybrid T700 carbon/S2-glass showed
close correlation to the TGA analysis. The intralayer fibre hybrid T700 carbon/Vectran
presented a closer to anticipated 50% carbon to Vectran ratio, since the material blanket was

a 2x2 twill weave of theoretically equal tow volumes [7].
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Figure 3.15: Microscopic through-thickness unit cell of intralayer fibre hybrid T700
carbon/Vectran, Fiji/ImageJ binary threshold processing carbon fibres

3.2.Using the rule of mixtures to estimate the tensile material properties of

fibre hybrid composites
Utilising the analytical linear rule of mixtures approach proposed by Summerscales [57] for the
elastic modulus and strength, as well as the bilinear rule of mixtures from other researchers
[64] (Section 2.1.2), the tensile strength and modulus of the fibre hybrid composites could be
estimated from the monolithic composite constituents and the volume fractions measured from
the TGA burn off testing (Table 3.6). Table 3.7 shows these experimental and theoretical
values for the interlayer fibre hybrid T700 carbon/S2-glass and intralayer fibre hybrid T700
carbon/Vectran tensile properties. Since the individual (dry, without a surrounding matrix)
fibre properties were not known, the composite properties were used for the calculations of the

theoretical modulus and strength.
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Table 3.7: Experimental versus theoretical tensile properties for the interlayer and intralayer
fibre hybrids

Interlayer fibre hybrid T700 Intralayer fibre hybrid T700
carbon/S2-glass carbon/Vectran
Experimental Theoretical Experimental Theoretical
Tensile modulus
40.56 (5.01) 36.96 29.68 (12.40) 43.20
(GPa) (CV%)
Tensile strength Linear: 1044.12 Linear: 956.87
661.78 (6.62) 671.83 (7.38)
(MPa) (CV%) Bilinear: 410.65 Bilinear: 549.11

The reason for the discrepancies between the experimental and theoretical intralayer fibre
hybrid tensile material properties most likely originate from the fibre architecture, namely the
high level of crimp within the intralayer fibre hybrid weave, resulting in both low experimental
modulus and strength. The interlayer fibre hybrid showed a theoretical modulus close to the
lower bound of the experimental modulus. The interlayer fibre hybrid strength however was
vastly overestimated when using the linear rule of mixtures and underestimated with the
bilinear rule of mixtures. The bilinear rule of mixtures presented lower theoretical strength
for both fibre hybrid systems, compared to the experimental data, likely due to the incorrect

location of the transition between the critical volume fractions.

Within the intralayer fibre hybrid this could be attributed to the overestimation of the
monolithic carbon composite strength, which was taken from the spread tow carbon composite
strength, hence idealising its influence on the fibre hybrid due to the lower crimp and higher
volume fraction of the spread tow. Therefore, it could be surmised that relying solely upon
the theoretical moduli for both interlayer and intralayer fibre hybrids was not feasible for
structural (stiffness) component design. The measured fibre hybrid composite properties were
therefore utilised in the structural component numerical modelling of the interlayer fibre hybrid

composite presented in Chapter 6.

3.3.Interlaminar fracture toughness of fibre hybrid composites

When numerically modelling a composite laminate under impact loading, the interlaminar
behaviour between the plies can be characterised and modelled using cohesive elements. Thus,

it was important to fully characterise the Mode I and Mode II fracture properties between the
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neighbouring plies for both fibre hybrid composites being tested. Mode I interlaminar testing
utilised the DCB (Double Cantilever Beam) method, following the ASTM D5528: 2014 [156]

test standard, with nominal specimen dimensions 20mm x 170mm x 4mm. Mode II
interlaminar testing utilised the non-standard ‘Martin and Davidson’ [157] approach to a 4-

ENF (4-End Notched Flexure) test set-up, with nominal specimen dimensions 20mm x 140mm

x 4mm.

The interlayer fibre hybrid T700 carbon/S2-glass layup was
[CGCGCGC),[D][GCGCGC][CGCGCGC] (where D denotes the delamination plane, C denotes
a 0°/90° spread tow plain weave T700 carbon ply, and G denotes a 0°/90° S2-glass NCF ply),
resulting in a mid-plane interface between the two fibre types. Due to the relatively low
compressive strength of Vectran (Table 3.4), the intralayer fibre hybrid T700 carbon/Vectran
DCB and 4-ENF specimens were stiffened and strengthened with T700 carbon spread tow

doublers, since this material exhibited the highest compressive modulus and strength. This
resulted in a layup of [C];o[V]:[C].y (where C denotes a 0°/90° spread tow plain weave T700

carbon ply, and V denotes an intrawoven 0°/90° Vectran/T700 carbon fibre hybrid 2x2 twill
weave ply). Premature compressive failure occurred due to bending on the outer face of the
DCB and 4-ENF test specimens which did not contain doublers. Reeder et al. [78] presented
this as a feasible method for improving the effective compressive strength on the outer surface
due to bending. The doublers were made from 10 plies of carbon spread tow, providing a
nominally cured thickness of 1.3mm for each side. This proved to be adequately thick since
local compression on the surface of the specimens and warping of the specimen arms was not

noticed post-test.

The delamination plane within the interlayer fibre hybrid T700 carbon/S2-glass interlaminar
fracture Mode I and Mode II specimens was considered, since the delamination cannot
inherently be mid-thickness when between two plies of differing fibre types. Correction factors
presented by Ouyang et al. [85] and Ouyang and Li [86] for Mode I and Mode II respectively
take into account this difference when characterising composite to metallic interfacial
properties, which have relatively different flexural rigidities. The difference in compliance

between the two arms of the interlayer fibre hybrid was assumed to be zero, since a single

T700 carbon spread tow ply was negligibly thin at 95um cured in comparison to the total
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cured laminate thickness of 4mm. Using classical laminate theory for one of the DCB arms,
the offset of a carbon ply at the mid-plane (i.e. [CGCGCGC],) resulted in a flexural stiffness
of 24.4GPa compared to 23.7GPa without the carbon ply at the mid-plane (i.e.
[CGCGCGC|[CGCGCQG]). Research by Zhang et al. [56] has also reported the redundance of
a correction factor when utilising a DCB specimen for the Mode I fracture toughness between

a glass and flax fibre hybrid polymer composite.

The Resistance-curves (R-curves) for the fracture toughness testing were plots of the critical
strain energy release rate versus the optically measured crack length. Upon plotting the R-
curves for both fibre hybrids, the initiation and propagation fracture toughnesses were deduced
and compared to the fracture surface for further information on the failure processes. By doing
so, fractographic analysis of these interlaminar failure surfaces could be used to better
understand the delamination process that occurs during low velocity impact events on the fibre

hybrid composites.

3.3.1. Mode I: DCB testing
3.3.1.1.  Test set-up

The DCB test was set-up as shown in Figure 3.17, where end blocks were bonded using Araldite
2011 2-part epoxy to the specimen surface, and thus allowed free rotation across the width
axis of the specimen. The specimen was pre-cracked at a stroke of Imm /min to a known crack
length and then returned to the origin. The specimen was then loaded in tension at a stroke
of 0.5mm/min to allow the sporadic stick-slip behaviour of the crack propagation to be
monitored carefully using a travelling microscope, and then correlated to the force versus
displacement data captured from the test machine. T700 carbon spread tow doubling was
cured at the same time as the intralayer fibre hybrid T700 carbon/Vectran to prohibit
compressive failure on the outer face of the arms, as shown in Figure 3.16. No warping was

noticed post-test since the carbon doublers dominated the stiffness of each specimen arm.

Figure 3.16: T700 carbon spread tow doublers on a portion of an intralayer fibre hybrid
T700 carbon/Vectran DCB specimen
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free rotation about pins

Figure 3.17: Test set-up for the double cantilever beam of interlaminar fibre hybrid T700
carbon/S2-glass

3.3.1.2. Data reduction

The MBT (Modified Beam Theory) method [167] was utilised in calculating the critical strain
energy release rate for the Mode I tests. Simple beam theory assumes that the DCB arms are
clamped (without rotation at the crack tip), which is unrepresentative of the true loading case.
Therefore, the MBT method accounts for the bending within the arms by using a crack length
correction (A) (typically -4.22mm for the interlayer fibre hybrid T700 carbon/S2-glass, and
typically -3.42mm for the intralayer fibre hybrid T700 carbon/Vectran). This takes into
account the rotation about the crack tip, leading to the following equation for the critical

strain energy release rate [167]:

G = 3PS (3.3)
1€ 2B(a+ 1) '

where P is the applied force, § is the crack opening displacement, B is the specimen width, a

is the crack length, and A is the crack length correction (determined as the negative intercept

of crack length axis upon plotting the cube root of the machine head compliance versus known

crack length [167]). The starter crack was nominally 1mm-2mm prior to the first data point.

Due to the constraints of the numerical model, which requires an initiation and propagation
fracture toughness, the results were interpreted as such, hence simplifying a somewhat complex
process. The spread tow carbon fibre architecture promoted high levels of scatter and therefore
the use of a single propagation toughness values should be treated with caution. The doublers
used for the intralayer fibre hybrid T700 carbon/Vectran composite failed prematurely before

a meaningful propagation toughness value could be discerned. The propagation toughness
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values were calculated as an average of the data points beyond where the R-curves tended to
plateau. To capture the fibre architecture (and the local architecture dependant toughness)
multiple cohesive layers would be required in the numerical model and was not considered due

to time constraints.

3.3.1.3. Results

Figure 3.18, Figure 3.19, and Figure 3.20 present the typical load versus displacement,
compliance!/? versus crack length, and Mode I interlaminar R-curve for the interlayer fibre
hybrid T700 carbon/S2-glass respectively. Figure 3.21, Figure 3.22, and Figure 3.23 present
the typical load versus displacement, compliance!/? versus crack length, and Mode I
interlaminar R-curve for the intralayer fibre hybrid T700 carbon/Vectran respectively. Table

3.8 shows the initiation and propagation values taken from these R-curves.

60
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Figure 3.18: Typical load versus displacement plot for the interlayer fibre hybrid T700
carbon/S2-glass DCB tests
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Figure 3.19: Typical compliance!/? versus crack length plot for the interlayer fibre hybrid
T700 carbon/S2-glass DCB tests
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Figure 3.20: Interlayer fibre hybrid T700 carbon/S2-glass double cantilever beam results,

critical strain energy release rate versus crack length (red ellipse indicates invalid failure)
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Figure 3.21: Typical load versus displacement plot for the intralayer fibre hybrid T700
carbon/Vectran DCB tests
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Figure 3.22: Typical compliance'/? versus crack length plot for the intralayer fibre hybrid
T700 carbon/Vectran DCB tests
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Figure 3.23: Intralayer fibre hybrid T700 carbon/Vectran double cantilever beam results,
critical strain energy release rate versus crack length

Table 3.8: Mode I interlaminar critical strain energy release rates for fibre hybrid composites

Initiation critical strain . . X
Propagation critical strain energy

Material energy release rate G
&y 1 release rate Gic (kJ/m?) (CV%)
(kJ/m?)
Interlayer fibre hybrid T700
0.35 0.80 (20.30)
carbon/S2-glass
Intralayer fibre hybrid T700
1.21 1.74 (21.64)

carbon/Vectran

3.3.14. Post-test analysis

The R-curve associated with the interlayer fibre hybrid T700 carbon/S2-glass presented
distinct initiation, increasing with crack length and subsequent plateauing, which indicated
both clear initiation and propagation toughnesses. However, there were some anomalous
values below 0.6kJ/m? and above 85mm crack length where compressive failure had occurred
on the outer surface of the specimen arms, highlighted in Figure 3.20. The R-curves were
investigated by examining the sites on the specimens and comparing them directly to the
toughnesses for the given crack length. It was noticed that since the unit cell of the T700
carbon spread tow is almost equal to the width of the test specimen, the weave location
strongly governed the crack path and subsequent fracture toughness. Upon further
examination, it was noticed that the crack path had relocated out of plane in across all

specimens causing a ply-split of the centremost carbon ply, and then continued to follow the
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0° spread tow, indicating that the variation in stiffness between the two DCB arms governed
the crack path. This was seen to have affected the resulting toughnesses in Figure 3.25 and
Figure 3.26, where fibre bridging and out-of-plane crack propagation was identified. The
carbon fibre/matrix bond was noticed to have been poor due to the lack of plastic deformation
observed in the matrix, resulting in bare fibres, Figure 3.24. Fractographic analysis shown in
Figure 3.27 further verifies this phenomenon, where lifting of 90° carbon fibres led to a carbon-

carbon ply-split interface crack, resulting in reduced toughness.
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Figure 3.25: Interlayer fibre hybrid T700 carbon/S2-glass DCB specimen #2, R-curve
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Figure 3.26: Interlayer fibre hybrid T700 carbon/S2-glass DCB specimen #3, R-curve
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Figure 3.27: Electron micrograph of interlayer fibre hybrid T700 carbon/S2-glass out-of-plane
crack relocation across carbon weave within a DCB specimen (x32)
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No data for crack lengths >60mm is presented for the intralayer fibre hybrid T700

carbon/Vectran (Figure 3.23) because the T700 carbon doubler delaminated and locally

buckled away from the fibre hybrid, resulting in invalid data, as shown in Figure 3.28.

doubler buckling and delamination

;%&J"'ﬂ ' o

dSmm

Figure 3.28: T700 carbon spread tow doubler buckling failure due to bending on an
intralayer fibre hybrid T700 carbon/Vectran DCB specimen

There were visually clear differences between the fracture morphologies associated with the
Vectran fibres and carbon fibres within the 2x2 twill weave of the intralayer fibre hybrid T700
carbon/Vectran specimens. The Vectran was seen to have been very fibrous, promoting fibre
bridging between the specimens arms, whereas the carbon fibre exhibited a much smoother
fracture surface, Figure 3.29. At the tow boundaries resin-rich regions were noted, presenting
typical Mode I features associated with crimped fabrics such as riverlines within the resin [73],
Figure 3.30. It is not surprising that the intralayer fibre hybrid exhibited higher fracture
toughness values to the interlayer fibre hybrid due to the higher level of undulations between
neighbouring plies caused by the tow crimp (noticed visually) as well as a thicker resin layer

usually noticed in woven composites [73], although the latter point was not quantified.
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Figure 3.29: Electron micrograph of intralayer fibre hybrid T700 carbon/Vectran, Mode I
fracture surface (x7)

riverlines

Figure 3.30: Electron micrograph of intralayer fibre hybrid T700 carbon/Vectran, shows
Mode I riverlines at the resin rich regions (x17)
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3.3.2. Mode II: 4-ENF testing

3.3.2.1. Test set-up

The 4-ENF (4-End Notched Flexure) test was set-up as shown in Figure 3.31, where the
bottom support pins (9mm nominal diameter) were fixed at a nominal distance of 120mm and
the loading pins (9mm nominal diameter) were set to a separation of 80mm [157]. The loading
pins were free to rotate about a central pin across the specimen width. The test was loaded
in compression at a stroke of 0.5mm/min to allow for the sporadic stick-slip behaviour of the
crack propagation to be monitored carefully using a travelling microscope and then correlated
to the force versus displacement data captured from the test machine. The delamination was
initiated using a PTFE film between the centremost glass and carbon plies as follows:

[CGCGCGC|[CGCGCG]D][CGCGCGC], (where D denotes the PTFE delamination starter,
C denotes a 0°/90° spread tow plain weave T700 carbon ply, and G denotes a 0°/90° S2-glass

NCF ply). The 4-ENF specimens were tested with the thicker arm on the bottom only, due
to time and resource (material) constraints. The first (initiation) data points were captured

approximately Imm-2mm after the starter cracks.

free rotation about pin

Figure 3.31: Test set-up for the 4-end notched flexure

3.3.2.2. Data reduction

Similar to the MBT method [167] used in the Mode I testing, the Martin and Davidson method
[157] was utilised, where the compliance gradient of the beam across the optically recorded

crack lengths generated Mode II critical strain energy release toughnesses as follows:
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= — 3.4
GHC B m ( )

where P is the driving force, B is the specimen width, and m is the linear gradient of the

compliance with respect to the crack length.

3.3.2.3. Results

Figure 3.32 and Figure 3.34 show the typical Mode II interlaminar compliance versus crack
length plots for the interlayer fibre hybrid T700 carbon/S2-glass and the intralayer fibre hybrid
T700 carbon/Vectran respectively. Figure 3.33 and Figure 3.35 show the Mode II interlaminar
R-curve for the interlayer fibre hybrid T700 carbon/S2-glass and the intralayer fibre hybrid
T700 carbon/Vectran respectively. Table 3.9 presents the initiation and propagation values

taken from these R-curves, as well as the discrete value used for numerical analysis.
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Figure 3.32: Typical compliance versus crack length plot for the interlayer fibre hybrid T700
carbon/S2-glass 4-ENF tests
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Figure 3.33: Interlayer fibre hybrid T700 carbon/S2-glass 4-end notched flexure results,
critical strain energy release rate versus crack length
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Figure 3.34: Typical compliance versus crack length plot for the intralayer fibre hybrid T700
carbon/Vectran 4-ENF tests
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Figure 3.35: Intralayer fibre hybrid T700 carbon/Vectran 4-end notched flexure results,
critical strain energy release rate versus crack length

Table 3.9: Mode II interlaminar critical strain energy release rates for fibre hybrid

composites
Propagation critical
. Initiation critical strain energy strain energy release
Material
release rate Guc (kJ/m?) rate Guc (kJ/m?)
(CV%)
Interlayer fibre hybrid T700 .
0.85 1.22 (18.00)
carbon/S2-glass
Intralayer fibre hybrid T700 .
2.00 2.50 (3.23)

carbon/Vectran
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3.3.2.4. Post-test analysis

Due to the premature failure of the doublers (debonding and buckling locally), a clear
propagation fracture toughness was difficult to determine. The fibre architectures, as well as
the mismatch in stiffness between the 4-ENF arms resulted in spurious results, which should
be treated with caution. Due to the numerical model requiring an initiation and propagation
toughness value, the average of the data points upon a reasonably acceptable plateau of the

R-curves was utilised for a propagation toughness value.

Upon comparing the Mode II interlaminar R-curves alongside the failed specimen surfaces for
the fibre hybrid T700 carbon/S2-glass, unlike the Mode I tests, splitting of the centremost 0 °
carbon spread tow caused an increase in the critical strain energy release rate (Figure 3.37 and
Figure 3.38). Electron micrographs of the intralayer fibre hybrid T700 carbon/Vectran
provided clear Mode II fracture features at the carbon interface in the form of cusps [73]
(Figure 3.36). Conversely, the Vectran interface presented a much more fibrous surface, similar
to that of the Mode I tests, where the fibres could be seen to have undergone shearing, resulting
in smaller defibrillated strands. Similar to the Mode I testing, the intralayer fibre hybrid
presented higher Mode II fracture toughness due to the fibre crimp and resin thickness between

the plies [73].

¥
P

Figure 3.36: Electron micrograph of intralayer fibre hybrid T700 carbon/Vectran, Mode II
fracture surface (x270)
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Figure 3.38: Interlayer fibre hybrid T700 carbon/S2-glass 4-ENF specimen #8, R-curve

91



3.4. Summary

The research presented in Chapter 3 highlighted the base level testing of two novel fibre hybrid
composites and their monolithic composite counterparts. Upon measuring the material
property data through standard and non-standard test regimes, a full set of in-plane and
interlaminar properties have been collated. The composite constituent volume fractions for

each material have also been identified through TGA burn-off as well as analytical microscopy.

Novelty within the Chapter is presented in the Mode I and Mode II interlaminar testing of
both the interlayer and intralayer fibre hybrids, where the current literature had failed to
provide this data. The material properties determined within the Chapter are also inherently
novel, given that the material systems have not been characterised fully in such a

comprehensive manner.

By accurately characterising these material properties, standardised low velocity drop tower
impact testing (Chapter 5) and non-standard structural impact testing (Chapter 6) could be
compared to numerical models of each impact event, hence providing a credibility to the

interlaminar fracture toughnesses measured.

Chapter 3 publications and dissemination:
e Conference oral presentations:
o T. Katafiasz, “Hybrid Fibre Composites for Delamination Resistance and
Cost Saving,” in Cyclitech 2015: The first international conference on bicycle

technology, Brussels, Belgium, 2015 [13]
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4. Translaminar fracture toughness of fibre hybrid composites
and their monolithic composite counterparts

4.1.Introduction

This Chapter addresses the gaps in the state of the art on translaminar fracture toughness of
fibre hybrid composites as discussed in Section 2.1.3. Standardised Compact Tension (CT)
specimen designs were tested but were found to have been unsuitable for the fibre hybrid

material systems. Therefore, a new specimen geometry was developed and is presented.

Research highlighted in the literature survey (Chapter 2) was undertaken to inhibit invalid
failure modes within a typical CT specimen through parametric geometrical FE modelling [93].
Figure 4.1 shows the failure modes considered in this parametric study of typical CT specimen
geometries and labelled them as follows: FM1/FM2: local compression, FM3: in-plane shear,
FM4: bearing, FM5: shear-out, and FM6: buckling.
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Figure 4.1: Diagram of a conventional CT specimen with the locations of possible failure
mechanisms [93]

For the materials tested in this research, premature compressive failure occurred within the
composites containing S2-glass and Vectran, where considerably lower (about 50%)
compressive strength relative to tensile strength was observed (Table 3.3 and Table 3.4). The
initiation load required to propagate a crack within a CT specimen was approximately
proportional to the tensile strength of the material and therefore a material with a relatively
low compressive to tensile strength ratio tended to lead to premature compressive failure at

the rear of the specimen (FM6 in Figure 4.1).
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Preliminary tests carried out on the monolithic S2-glass composite and intralayer fibre hybrid
T700 carbon/Vectran composite showed that an array of typical CT specimen geometries failed
through modes FM1 and FM6 (Figure 4.1) due to the low compressive strength and modulus
of this system. A novel specimen geometry, named the 'Notched Curved Compact Tension’

(NCCT) specimen (due to its geometrical features, see Section 4.3), was developed by means
of optimising a numerical modelling approach along with experimental testing. The NCCT
specimen allowed large crack lengths, of up to 20mm, without premature failure or the need
for an anti-buckling device for the monolithic S2-glass composite (Section 2.1.3). The specimen
geometry was then refined and a more repeatable manufacturing process was developed,
allowing translaminar fracture toughness testing of the intralayer fibre hybrid T700
carbon/Vectran composite. ~Named the Extended Notched Curved Compact Tension
(ENCCT) specimen (Section 4.3), this new design was an improvement on the NCCT due to
extending the specimen length aiding in capturing longer R-curve crack lengths, increasing the
in-plane cracking area (for larger unit cell architectures), as well as introducing a resinous
chamfer between the thickened and thin section, hence reducing the stress concentrations

around the fractured region.

4.2.Preliminary standard CT geometry tests

Both experimental and numerical testing were employed across various CT geometries towards
measuring the translaminar fracture toughness of the monolithic and fibre hybrid composites
for impact modelling. All numerical models for the various CT specimen geometries were run
using Abaqus 6.14 in both implicit linear static and eigenvalue buckling to determine the

failure strains and the critical buckling loads respectively.

The numerical FE models were comprised of continuum shell elements (SC8R), cohesive
elements (COH3DS8), and rigid body elements (R3D4). The continuum shell elements (SC8R),
which were assigned the composite laminate properties determined in Chapter 3, utilised the
Abaqus composite material property for each ply (where one element through-thickness
contained two plies, and each ply had three integration points to allow for bending). The
cohesive elements (COH3D8) were assigned the MTM57 resin material properties (Chapter 3)

and were located at three regions spaced 1mm equally through the thickness of the specimen
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to capture the interlaminar stresses between neighbouring continuum shell ply stacks. Rigid
body elements (R3D4) were used to model the loading pins with frictionless tangential and
hard normal penalty contact properties with the specimen. Using a typical CT specimen
geometry (Figure 4.2), a mesh sensitivity study was employed (Figure 4.3) where the total
internal energy of the model was tabulated against the mesh size around the notch tip. Six
discrete element sizes at the notch tip and up to a b5mm radius from the notch tip between
2mm and 0.05mm were investigated. Elements at the rear of the specimen were set to lmm
(since the tow size for the S2-glass composite was within this order of magnitude) for each

model and the remaining elements were set globally to 2.5mm in size.

65mm

R 4mm

v

40mm

Figure 4.2: Typical compact tension specimen design with 0.5mm mesh around the notch tip
and lmm at the rear (4mm thick)

The internal energy within the model was seen to converge where the mesh size around the
notch tip was approximately 0.5mm, quantified as a convergence of 0.03% difference to the
trending value at 0.05mm. Therefore, to aid in computational time and efficiency, a mesh size
of 0.5bmm was used around the notched region (in tension) and 1mm at the pins and rear of
the specimen (in compression, where high compressive stresses were likely to occur; failure
modes FM1 & FM5, Figure 4.1). The CT model ASTM E399 [91] shown in Figure 4.2
contained a total of 62676 nodes and 42420 elements, comprising of 31986 SC8R, 3360 R3D4
and 7074 COH3DS8 type elements.
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Figure 4.3: Mesh sensitivity study: mesh size versus internal energy

By running multiple linear static models at discrete crack lengths, an approximate crack length
(if at all) could be determined before buckling failure at the rear of the specimen occurred.
This was achieved by first conducting linear static analysis on a specimen with a discrete crack
length and determining the (decreasing with crack length) driving force responsible for a
Abaqus maximum strain criterion greater than unity at 1mm vertically from the notch tip, as
follows [168]. This criterion was utilised as an initial first pass for the tensile fibre fracture

around the notch tip and thus a safety factor of two was introduced into the design phase

(Figure 4.11).

€1/€1r if €9 >00r —€1/€1.if €4 <0

€:/€ if€>00r —€,/6,.if €, <0

€3/€3 if €3>00r —e3/€e;.if €3<0 (4.1)
abs(¥a)/Vau '
abs(ys)/Vsu
abs(ve)/Veu

Ir = max

where: € is the strain in the given direction and y is the shear strain in the given direction;

note that ultimate compressive strains are deemed positive.

This driving force was then employed within an eigenvalue buckling mode analysis to quantify
whether buckling would occur for each particular crack length given the required damage

initiating force. This data is summarised in
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Table 4.1 for the monolithic S2-glass composite and intralayer fibre hybrid T700
carbon/Vectran composite properties regarding four 5.6mm thick CT specimen geometries
(consisting of 26 plies of NCF S2-glass 0°/90° fibre blankets, and 8 plies of 2x2 twill weave

T700 carbon/Vectran fibre blankets) (thickness as recommended by Blanco et al [93], as a
result of their parametric study). The numerical FE studies were undertaken at 5mm discrete

crack length intervals.

Table 4.1: Compact tension test types, experimental and numerical suitability study

Critical crack length prior to buckling/compression failure

Experimental Numerical
CT Specimen
Monolithic S2- Intralayer fibre Monolithic S2- Intralayer fibre
type: Reference
glass hybrid T'700 glass hybrid T700
composite carbon/Vectran composite carbon/Vectran
Compact
Tension (CT): 8mm Omm <10mm <bmm
91]
Disk Compact
Tension (DCT): - - <5mm Omm
91]
Two-Tapered
Compact
3mm Omm <bmm <bmm
Tension (2TCT):
(93]
Extended
Compact
4mm 1lmm <5mm Omm

Tension (ECT):
93]

The Compact Tension geometries were tested for the S2-glass and intralayer fibre hybrid T700
carbon/Vectran composites (manufactured using RFI (see Section 3.1) using the same test
procedure as stated in Section 4.4. The corresponding load versus displacement graphs for

these tests undertaken at a stroke of lmm/min, are presented for the CT (Figure 4.4), 2TCT
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(Figure 4.5), and ECT (Figure 4.6) type specimens. Post-test X-ray images (using
Dibromomethane, 99% penetrant) are also presented alongside these graphs, highlighting the
relevant premature failure mode denoted in Figure 4.1 [93]. Buckling (FM6) was noticed
within the CT and 2TCT specimens as well as compressive failure at the rear end of the
specimen (FM1) occurring in both the CT and ECT specimens. This indicated that either a
thicker specimen or an anti-buckling device was required to counteract this out-of-plane
buckling, both of which have drawbacks. The thickness of CT specimens have been found to
affect the measure fracture toughness, as investigated by Teixeira et al. [88] when using
monolithic spread tow carbon composite, as well as increasing the manufacturing cost. Anti-
buckling devices inherently lead to unknown through-thickness stress variations and
concentrations through the specimens being tested as well as obscuring the field of view when

utilising Digital Image Correlation (DIC), and thus have been disregarded.

0 1 2 3 4 5 6
Displacement (mm)

Mongclithic S2-glass ——Intralayer fibre hyhrid T700 carbon / Vectran

Figure 4.4: Compact tension specimen type for monolithic S2-glass composite and intralayer
fibre hybrid T700 carbon/Vectran, load versus displacement
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Monolithic S2-glass ——Intralayer fibre hybrid T700 carbon / Vectran

Figure 4.5: Two-tapered compact tension specimen type for monolithic S2-glass composite
and intralayer fibre hybrid T700 carbon/Vectran, load versus displacement

6

(13

[Wv]

Load (kN)

1.5 2 2.5 3 3.5

Displacement. (mm)

Intralayer fibre hyhrid T700 carbon / Vectran

Moanolithic S2-glass

Figure 4.6: Extended compact tension specimen type for monolithic S2-glass composite and
intralayer fibre hybrid T700 carbon/Vectran, load versus displacement
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4.3.Development of a novel compact tension specimen

4.3.1. Model development
A Curved Compact Tension (CCT) geometry (Figure 4.7) was developed by introducing a
30mm radii at the rear of the typical compact tension specimen [91], tangential to the
connecting horizontal sides so as to eliminate unnecessary stress concentrations at the rear of
the specimen (FM1, Figure 4.1). A curvature in the specimen ‘arms’ was also introduced to
reduce the stress concentrations associated with FM2 (Figure 4.1). Despite the reduction in
compressive stresses at the rear of the specimen, experimental tests showed that buckling led
to compressive failure regardless of the curvature. Crazing was also seen around the notch

and the through-thickness crack was barely visible (Figure 4.8).

a2

72

-

Figure 4.7. Nominal CCT specimen geometry profile dimensions (all dimensions in mm)
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compressive buckling failure
crazing around notch

(a)

Figure 4.8: Buckled CCT geometry without through-thickness groove: a) profile view b)
front view c¢) back view

To mitigate this type of buckling failure, the 4mm curved CT specimen shown in Figure 4.8
was modelled numerically at a thickness of 10mm, where eigenvalue buckling modes analysis
was carried out. The load required to propagate the crack was below the critical buckling load
up to a crack length of 12mm. An R-curve of 12mm crack length was not likely to be long
enough to capture a propagation fracture toughness, and thus a new design iteration was

required.

It was apparent that the solution to mitigate premature buckling was to reduce the CT
geometry’s ‘cracking’ driving force, whilst also increasing the critical buckling load. To achieve
this, and also capture long crack lengths whilst maintaining a high buckling-to-crack
propagating load ratio, the thickness of the crack growth area was reduced by introducing a
4.7mm thick rectangular notched section 4mm x 60mm either side of the specimen along the
crack growth region, located 12mm from the rear (see Section 4.3.2 for the manufacturing
details). This reduced the load required to propagate the crack whilst maintaining a high
critical buckling load due to a relatively thick rear of the specimen. This specimen geometry
was named the ‘Notched Curved Compact Tension’ (NCCT) specimen due to its dimensional
features (Figure 4.9) and a study to optimise the ratio between the critical buckling load and
the load required for crack growth was undertaken (Figure 4.10 and Figure 4.11). Eigenvalue
buckling mode analysis was performed to determine the critical buckling load (Figure 4.10b),
and a linear static model utilising the maximum strain criterion was used to determine the

load required for crack propagation (Figure 4.10c).
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Figure 4.9: NCCT specimen type

Figure 4.10: NCCT specimen geometry: (a) Specimen FE model (b) Eigenvalue first
buckling mode (the contour shows the absolute out-of-plane displacement and is unitless, red
represents the maximum and blue represents the minimum) (¢) Maximum strain criterion at
50% of buckling load (contour other than blue indicates values greater than unity, where red

represented the criterion’s maxima)

The eigenvalue buckling mode FE model shown in Figure 4.10a defined the critical buckling
load of the specimen geometry at five linear static FE models containing discrete crack lengths
of 2lmm to 41lmm, at 5mm intervals. The critical buckling load taken from the eigenvalue
analysis was then scaled by a 50% safety factor (to ensure the minimisation of buckling, since
there was scatter in the material properties utilised) and applied directly to the corresponding

linear static FE model with the same crack length (Figure 4.10b).
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Figure 4.11: NCCT specimen FE optimisation methodology

From the linear static model, it was clear that for all discrete crack lengths, the critical buckling

load (with a 50% safety factor) applied to the linear static model produced a strain criterion
>1 around the crack tip, whilst the rest of the model remained undamaged. The maximum

strain criterion data at the notch tip is summarised in Table 4.2.

Table 4.2. NCCT FE model analysis thickness optimisation

Aa, change in
Maximum strain criterion at the

crack length 50% buckling load (kN)
notch tip for given buckling load
(mm)
0 4.24 2.66
) 3.42 2.06
10 2.72 1.78
15 2.26 1.43
20 2.03 1.20

The materials listed below were successfully characterised when using the NCCT test specimen

design:

e Monolithic S2-glass non-crimp composite (0°/90°);

e Monolithic T700 carbon spread tow 12K plain weave composite;
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e Interlayer fibre hybrid: T700 carbon spread tow 12K plain weave/S2-glass non-crimp
(0°/90°), alternate carbon (C) and glass (G) ply blocks of [C-G-C-G-C-G-C].

The intralayer fibre hybrid T700 carbon/Vectran did not however perform as intended due to
considerable fibre pull-out from the thickened region of the specimen (where failure occurred
not only in the thinned region, as required), leading to erroneous loads and thus the associated
fracture energy. The unit cell size of this fibre hybrid was larger than the 4mm thinned region
height. Because of this, an update to the NCCT specimen design was made where the thinned
area was increased to accommodate the larger unit cell of the 2x2 twill weave (10mm x 10mm),
as well as extending the specimen length to capture a longer crack and hence a more
comprehensive R-curve. Although not shown graphically in Figure 4.13, the thinned region
was also chamfered to the thicker region to lower the stress concentrations around the
transition by sanding the corners of the PTFE insert hence allowing resin build-up (see Section

4.3.2). The notch tip was reduced from 35mm to 25mm from the end of the specimen and the
design was named ‘Extended Notched Curved Compact Tension’ (ENCCT) (Figure 4.13). By

comparing the NCCT (Figure 4.9) and ENCCT (Figure 4.13) type specimens, it can be seen
that the maximum crack length is 25mm for the NCCT and 50mm for the ENCCT type
specimens due to the thinned region and notch tip location, allowing for a longer R-curve to

be captured when using the ENCCT specimen type.

o 8? o

R5

R30

75

Figure 4.12: ENCCT thick-side specimen dimensions (all dimensions in mm)
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Figure 4.13: ENCCT specimen type

4.3.2. Specimen manufacture
The materials used for the NCCT specimen type were laid-up in panels of dimensions 120mm
x 480mm, as shown in Figure 4.14. PTFE (Polytetrafluoroethylene) inserts of dimensions
4.7mm x 4mm x 60mm were inserted at cuts made either side of the panel before curing to
achieve the thinned cracking region of the NCCT specimen. Care was taken to ensure that
the inserts lined up with each other either side. Resin rich regions around the cut could be
seen where the fibres, which were cut by hand using a surgical scalpel, slightly exceeded the

dimensions of the inserts by about 1mm.

Figure 4.14: Monolithic S2-glass composite NCCT material layup, post-cure, prior to
waterjet cutting: (a) with PTFE inserts, (b) with PTFE inserts removed
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The materials were manufactured using the same method as for the base level testing (Chapter
3). By doing so, the material properties determined from all tests could be used in conjunction
with one another for impact modelling (Chapters 5 and 6). The ply counts and nominal cured

thicknesses are shown in Table 4.3.

Table 4.3: NCCT and ENCCT ply counts and nominally cured thicknesses

. . Thick side: ply count Thin middle: ply count
Material, specimen type ] ) . .
(nominally cured thickness)  (nominally cured thickness)

Monolithic S2-glass composite (G),

NCOT [G]20, 4.7mm [G]4, 1.0mm
Monolithic T700 carbon composite
[C}{,U, 4711’11’11 [C}m, 09mm
(C), NCCT

Interlayer fibre hybrid T700 carbon
(C)/S2-glass (G), NCCT
Intralayer fibre hybrid T700
carbon/Vectran (CV), ENCCT

[C-G-C-G-C-G-C]y, 4.2mm [C-G-C-G-C-G-C], 1.0mm

[CV]7, 4.2mm [CV], 0.8mm

Upon curing, one side of the inserts were removed and the specimen shapes were cut using a
waterjet cutter to their desired dimensions. The specimens were then notched using a circular
diamond saw with one of the PTFE inserts in place, providing some support for the thinned
region during the cutting process. The insert was then removed and the notch tip was
sharpened by hand three times using a surgical scalpel to create a sharp crack tip prior to
testing, as recommended by Pinho [169] since the notch tip radius has been observed to affect

the fracture toughness [170].

Figure 4.15: Monolithic S2-glass composite NCCT specimens, post waterjet cutting and
notching
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Figure 4.16: Monolithic S2-glass composite NCCT specimen prior to testing

The ENCCT specimens were manufactured in the same manner as the NCCT specimens except
the PTFE inserts were chamfered using sandpaper to create a sloping transition between the
thick sides of the specimen and the thin cracking region. This was employed to minimise stress
concentrations occurring at the sharp inside edge of the thinned region, which could have
affected the crack path. The specimens were arranged in a row of three by a column of two
to reduce the curvature on the caul plate, which had a slight thinning effect on the edges of
the NCCT specimens under vacuum of the autoclave cycle. Figure 4.17 and Figure 4.18 show
the ENCCT specimen for the intralayer fibre hybrid T700 carbon/Vectran before and after
the PTFE inserts had been removed and scale bar drawn respectively. The ENCCT specimens
were C-scanned and one specimen X-rayed (using Dibromomethane, 99% penetrant) prior to
testing (Figure 4.19), to identify any delaminations, discontinuities, and inclusions which could

affect the crack driving force and thus lead to erroneous fracture toughness data.

60mm

Figure 4.17: Intralayer fibre hybrid Vectran/T700 carbon ENCCT specimen with PTFE
inserts still intact
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60mm

Figure 4.18: Intralayer fibre hybrid Vectran/T700 carbon ENCCT specimen with PTFE
inserts removed and scale bar labelled for optical crack measurement

60mm

Surface ply wrinkling

60mm

Figure 4.19: C-scan and X-ray of ENCCT intralayer fibre hybrid T700 carbon/Vectran
specimen prior to testing (colour scale in dB)

4.4.Test set-up

The NCCT and ENCCT testing was carried out at room temperature (20 ° C) using an Instron
5969 test machine at a constant stroke of 0.5mm/min in tension, where the crosshead
displacement (mm), load (N) and time (s) were recorded (Figure 4.20). Video recording was

employed to capture the crosshead displacement (mm) from markers on the specimen surface
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using an Imetrum optical strain system at 10Hz and the crack growth (mm) against the scale
bars drawn on each specimen. The Imetrum optical strain and the Instron 5969 sources were
correlated automatically via an analogue to digital converter and thus the load from the
crosshead and the optical displacement curves could be plotted purely from the pin locations,
eliminating the test machine and instrumentation compliance errors. A backlight was used to
show clear crack growth through the specimen thickness for the translucent monolithic S2-
glass composite and for the other opaque materials front lighting sufficed. The crack was

followed optically using the same Imetrum optical strain gauge video.

light source e

Figure 4.20: NCCT and ENCCT test set-up

4.5.Data reduction

An area method [171] was used to calculate the critical strain energy release rate at various
crack lengths to populate the R-curve. This method was easily employed due to the thinned
region providing clear optical through-thickness crack length measurement. The following

formula was used to determine the critical strain energy release rate Gic (J/m?) of the material:

AE

Gic =+ (4.2)

where AE is the change in energy expended propagating the crack (J), Aa is the change in

crack length (m), and t is the specimen thickness at crack (m)
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The energy required to propagate the crack was calculated as the integral of the load versus
displacement curve, ignoring the elastic energy stored within the specimen (Figure 4.21). The
energy ‘E’ was correlated with the crack length taken from the video capture in the test at
specific points to determine the critical strain energy release rates along the crack length. The
benefits of this approach include its simplicity and independence from compliance calibration
curves. The major drawback of the area method is the assumption of stable crack growth,
where in reality the load drop during crack growth is an unstable event and therefore not
necessarily a straight line, as presented in Figure 4.21. The reliance on the user’s measurement
of the crack length, which can be subjective to both parallax and human errors can also lead
to uncertainty. It also assumes that upon unloading at any point, the load response curve
would return to the origin, with negligible permanent plastic strain. This was proven true for
the ENCCT specimen whilst undertaking the compliance curve calibration for the CC

(Compliance Calibration) method. The S2-glass material however presented compliances
during the ‘stick’ phases of loading that did not intersect the origin and may be attributed to

the matrix crazing noticed. To determine whether plastic deformation did not occur outside
of the translaminar crack front, non-destructive testing was employed post-test (see Section

47).

ag:

“correspanding 10.5mm crack

Load

- Elastic energy
stored within the
specimen

Displacement

Figure 4.21: Illustration of the data reduction methodology using the area method
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Figure 4.22 shows a typical crack growth made visible through the use of a backlight for the
monolithic S2-glass composite NCCT specimens. The crack in this particular specimen could
be seen to have propagated directly along the thinned region and jumped vertically in-plane
along a tow to then continue its translaminar development at the boundary at the change of
thickness. The monolithic S2-glass composite exhibited crazing along the thinned region prior
to crack formation. It should be noted that it was important to distinguish the difference
between matrix crazing (discolourment and change in translucency) and crack propagation by

the slip stick behaviour of the crack growth.

ag = 21 Omm

(a = 0.0mm)
a = 23 Omm
a = 27 .0Omm

a = 31 bmm

a = 33 .bmm

a = 39 Omm

25mm

Figure 4.22: Optical crack growth through a representative monolithic S2-glass composite
NCCT specimen (red indicates crack propagation)
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As well as the area method, the MCC (Modified Compliance Calibration) method [171] was
also used to calculate the critical strain energy release rates for the monolithic S2-glass
composite, supporting the area method as an accurate means of data reduction for the NCCT
specimen type. The MCC method involved determining a compliance calibration curve from
the range of discrete crack lengths under linear elastic FE modelling. By plotting compliance
(mm/N) versus crack length (mm), the compliance calibration curve for the monolithic S2-

glass composite NCCT specimens were fit using the following function:

C = (aa+ p)x (4.3)

where a is the crack length, and a, B, and X were calculated to best fit the experimental data

[171]. The critical strain energy release rate was then calculated using the following formula:

_R*dC
€7 2t da

where Pc is the critical load prior to crack growth for a given crack length, t is the thickness
of cracked region at that crack length, and dC/da is the derivative of the compliance (C) with

respect to crack length (a)

Similarly to the MCC method, a compliance calibration (CC) method [171] was carried out
alongside the area method for the ENCCT intralayer fibre hybrid T700 carbon/Vectran
specimens. The CC procedure followed the same data reduction as MCC except the compliance
curve was derived experimentally by cutting to known crack lengths and measuring the initial

elastic compliance before fracture initiation after each discrete cut to extend the crack.

4.6.Results

4.6.1. Compliance curves

Figure 4.23 shows the FE derived compliance calibration curve for the monolithic S2-glass

composite NCCT specimens used in calculating the MCC method critical strain energy release
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rates. Figure 4.24 shows the experimentally derived compliance calibration curve for the
intralayer fibre hybrid T700 carbon/Vectran ENCCT specimens used in calculating the CC
method critical strain energy release rates. It should be noted that due to the geometry, the

possible crack length is much larger for the ENCCT compared to that of the NCCT test type.
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Figure 4.23: Monolithic S2-glass composite MCC method compliance calibration curve (FE
derived) for the NCCT specimen type
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Figure 4.24: Intralayer fibre hybrid T700 carbon/Vectran CC method compliance calibration
curve (experimentally derived) for the ENCCT specimen type
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4.6.2. Critical strain energy release rates

Figure 4.25 shows the critical strain energy release rate calculated using the area method
compared with that of the MCC method [171] for the monolithic S2-glass composite NCCT
specimens. The initiation critical strain energy release rate was approximately 20 kJ/m?2. The
propagation critical strain energy release rate can be seen to have been on average 156.5kJ/m?
(CV=8.8%) for the MCC method and 131.6kJ/m?> (CV=10.8%) for the area method.

Propagation values were determined where the RE-curves tended to plateau towards a constant

value, where Aa>11mm.
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Figure 4.25: Representative critical strain energy release rate (Gyc) versus crack length (a)
for the monolithic S2-glass composite NCCT specimens

Figure 4.26 shows the critical strain energy release rate calculated using the area method as
compared with that of the CC method [171] for the intralayer fibre hybrid T700
carbon/Vectran ENCCT specimens. The initiation critical strain energy release rate can be
seen to have been approximately 60 kJ/m? for the CC method and 30 kJ/m? for the area
method. The propagation critical strain energy release rate can be seen to have been on

average 173.2kJ/m? (CV=44.9%) for the CC method and 154.7kJ/m? (CV=15.4%) for the

area method, both measured upon plateauing, where Aa>15mm.
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Figure 4.26: Representative critical strain energy release rate (Gyc) versus crack length (a)
for the intralayer fibre hybrid T700 carbon/Vectran ENCCT specimens

Figure 4.27 shows the full R-curves for the monolithic S2-glass composite, monolithic T700
carbon composite, and interlayer fibre hybrid T700 carbon/S2-glass using the NCCT specimen
type. Figure 4.27 also displays the intralayer fibre hybrid T700 carbon/Vectran R-curve using

the ENCCT specimen type.

115



200

*

180 * * 3

160 e e «

140 . 154.7kJ /m? (CV=15.4%)

, ®  ©131.6kJ/m? (CV=10.8%) .
/e € 9T T T T T *
o 120 T s
8 VT e
= 100 ° °/, '
3 4
D 80 yi
LAY A A4 653k]/m?(CV=6.1%)
, o a2 . .
60 /,/’ é’ 01“ = AA &
o0 5
40 /’,1 L 4
LA femwmg e » - 33.6kJ/m? (CV=7.3%)
[ - =
0
0 5 10 15 20 25 30 35 40 45

Aa (mm)

e Monolithic S2-glass (NCCT)

= Monolithic T700 carbon spread tow (NCCT)

4 Interlayer fibre hybrid T700 carbon / S2-glass (NCCT)
+ Intralayer fibre hybrid T700 carbon / Vectran (ENCCT)

Figure 4.27: Representative composite R-curves using the area method for critical strain energy release rate versus crack length
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4.7.Post-test analysis

The NCCT and ENCCT test specimens showed reasonable and repeatable critical strain energy
release rates despite possible limitations associated with the difficulty in specimen
manufacture, namely the alignment of the PTFE inserts and the hand-cutting of fibre plies.
Comparing the results to other compact tension tests in the literature, the novel specimen
designs exhibited a similar, if not lower, coefficient of variation across a range of data reduction
methods [87], [171], [172]. The MCC method [171] (which determines a compliance calibration
curve through FE models) and CC method [171] (which determines a compliance calibration
curve through experimental testing) were compared to the area method in the form of R-curves
and showed good correlation for the critical strain energy release rates in both initiation and

propagation.

Post-test X-radiography (using Dibromomethane, 99% penetrant) was undertaken to
determine any regions of unwanted damage remote from the crack, which could have led to
erroneous results due to damage occurring outside of the crack growth region and through
failure modes other than translaminar fracture. Figure 4.28 shows the post-test radiograph of
the NCCT specimens (although the thinned region was not captured by the X-ray), indicating
that all of the fracture energy had been dissipated through the translaminar crack, as required.
Note than the white region within the monolithic T700 carbon composite specimen occurred
at the latter stages of the test and at large crack lengths, where the specimen had fractured
invalidly at the corner of the thinned region. Figure 4.29 shows the post-test x-radiograph of
the ENCCT specimen, where penetrant impregnation could be seen within the thickened region
due to fibre fracture. Due to there being no observed presence of delamination or fibre pull-
out between the thick and thinned region of the specimens from the radiographs, a realistic
fracture toughness value was considered to have been measured. It should be noted that the
two arms of the ENCCT specimen were drawn apart completely to allow easier inspection
post-test, hence the through-thickness fracture separating the specimen into two pieces at the

rear of the specimen (Figure 4.29).
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Figure 4.28: Post-test radiograph of NCCT specimens: (a) Monolithic T700 carbon
composite, (b) Monolithic S2-glass composite, (c) Interlayer fibre hybrid T700 carbon/S2-
glass
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Figure 4.29: Post-test radiograph of ENCCT intralayer fibre hybrid T700 carbon/Vectran

Post-test SEM images were taken of the NCCT and ENCCT specimens and their
corresponding pull-out lengths displayed (Figure 4.30 through to Figure 4.33). The resulting
images were used to determine the mechanisms that controlled both the shape and magnitude
of the R-curves presented in Figure 4.27. Firstly, the failed monolithic S2-glass composite
NCCT specimen (Figure 4.30) showed uniform and regular fracture of the NCF fibre tows
(hence the low scatter), with prominent fibre pull-out (hence the high fracture toughness).
Whereas, the monolithic T700 carbon composite specimen (Figure 4.31) showed very little

fibre pull-out (indicative of a low fracture toughness), and few data points were captured due
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to its sporadic slip-stick crack behaviour. The fibre hybrids exhibited similar behaviour, with
the interlayer T700 carbon/S2-glass NCCT specimen (Figure 4.32) showing large S2-glass pull-
out, tending to control the crack path and hence reduce the slip-stick carbon spread tow
behaviour noticed within the monolithic carbon composite. The R-curve for the interlayer
hybrid could be seen to be midway between its monolithic composite counterparts, indicating
that a ‘rule of mixtures’ approach may be applicable to fibre hybrid fracture toughness,
although further work is required to demonstrate this conclusively. The ENCCT specimen
intralayer fibre hybrid T700 carbon/Vectran presented sparsely separated Vectran tow pull-
out lengths (since a 2x2 twill weave was used), leading to large scatter in the fracture toughness

having been presented in the R-curve.

crack growth direction

Figure 4.30: Electron micrograph of NCCT specimen, monolithic S2-glass composite

Figure 4.31: Electron micrograph of NCCT specimen, monolithic T700 carbon composite
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Figure 4.32: Electron micrograph of NCCT specimen, interlayer fibre hybrid T700
carbon/S2-glass composite (S2-glass fibres highlighted in green)

crack growth direction

&= = =

Figure 4.33: Electron micrograph of ENCCT specimen, intralayer fibre hybrid T700
carbon/Vectran composite (Vectran fibres highlighted in green)

Further testing is required to determine whether the NCCT and ENCCT specimen geometries
are suitable for other materials and fibre architectures. However, due to the successful
application of the NCCT specimen geometry regarding the extremely low compressive to
tensile strength ratio (about 0.11) of Vectran composites [173], it is likely that the ENCCT
geometry will suit the vast majority of fibre reinforced composites where premature

compressive failure is an issue when adopting standard CT specimen types.

The calculation of the critical strain energy release rates were derived using an area method
[90] which utilised multiple optical crack length measurements taken during testing. This
negated the need for compliance calibration methods [171], which often rely heavily on the

accuracy compliances derived from numerical modelling [87], [88], [172]. Both numerically FE-
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based and experimental compliance calibration methods have however been used to support
and verify the area method critical strain energy release rates, although the ENCCT method
did present higher scatter within the results. This may be due to the T700 carbon/Vectrans’
highly complex intrawoven fibre hybrid structure, but further work must be carried out with
various material architectures to demonstrate this conclusively. Due to an accessible
manufacturing approach and clear reduction of buckling and compressive failures, the ENCCT
specimen geometry has become an attractive candidate for researchers facing similar premature

compression/buckling failures when utilising the common CT type specimen geometries.

4.8. Summary

The research in this Chapter presented a wholly novel Compact Tension specimen design,
developed to reduce the unwanted compressive failure that traditional CT specimens exhibited
for materials with low compressive strengths relative to tensile strengths. The translaminar
fracture toughnesses measured for the fibre hybrid composites were used in conjunction with
the in-plane and interlaminar properties characterised in Chapter 3 to numerically model
standard low velocity impact (Chapter 5) and structural component testing of the materials

(Chapter 6), supporting the fracture toughness data determined within this Chapter.

The data proves the effect that the fibre architecture has upon the measured fracture
toughnesses. Although the intralayer fibre hybrid T700 carbon/Vectran exhibited the largest
fracture toughness, it also presented the highest amount of scatter, likely due to the 2x2 twill
weave (promoting large pull-out bundles of Vectran fibres) as well as the fibrillous nature of
the Vectran fibres themselves. The monolithic S2-glass composite presented the second largest
fracture toughness, along with the monolithic T700 carbon spread tow composite presenting
the lowest. The interlayer fibre hybrid T700 carbon/S2-glass presented a fracture toughness
midway between its constituent monolithic composite counterparts, a phenomenon repeated
elsewhere in the literature (see Section 2.3). It is advised that researchers experiencing the
undesirable premature failure modes that traditional CT specimen geometries produce with
high crimp and low compressive strength materials are urged to utilise the method presented

in this chapter.
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5. Low velocity impact response characterisation of fibre hybrid
composites

5.1.Introduction

The monolithic and fibre hybrid composites presented in Chapters 3 and 4 have been subjected
to impacts on flat laminate plates following the ASTM D7136 [25] test standard using an
Instron CEAST 9350 drop tower. To justify the feasibility of using fibre hybrid composites
within structural automotive components, impact energies of 70J and 140J were chosen (to
encompass both non-penetrative and penetrative impact through preliminary testing) using a
16mm tup diameter to represent a dropped tool or debris impact [118], [174], for comprehensive
numerical model damage correlation. The following chapter outlines the experimental work
undertaken to characterise the impact performance of the materials and correlation to a
bilinear energy-based numerical modelling approach, providing support of the translaminar
fracture toughnesses measured in Chapter 4 and the in-plane and interlaminar properties

measured in Chapter 3.

5.2.Mechanical testing

5.2.1. Manufacture

A total of six 4mm nominally thick panels of 150mm x 100mm were waterjet cut from cured
in panels of 600mm x 400mm for each of the monolithic and fibre hybrid composites under
investigation (see Table 5.2 for layup). The panels were laid up to achieve the same volume
fractions as those determined from the TGA burn-off and analytical microscopy in Section
3.1.4, and following the standard MTM57 epoxy resin curing cycle (ramping to 125°C, dwelled
for 1 hour, and then an uncontrolled cool to room temperature of 23°C, under vacuum [159]).
The panels were the C-scanned using a TechniTest NDT C-scanner to ensure that the panels
were free of potential voids, inclusions, and delaminations, (see Figure 5.1, where the fibre

architecture is visible without defects).
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Figure 5.1: Impact panel representative pre-test C-scans plots, monolithic S2-glass composite,
monolithic T700 carbon composite, interlayer fibre hybrid T700 carbon/S2-glass, intralayer
fibre hybrid T700 carbon/Vectran (colour scale in dB)

5.2.2. Test set-up

The ASTM D7136 [25] test standard was used as a basis for the test rig set-up, where the flat
laminates were held in place using four rubber tipped pins (Figure 5.2). The impact events
were monitored using a Phantom v25.11 high speed optical camera at 100000 frames per
second. Footage of the bottom face of each panel was recorded by placing a mirror underneath
the impact panel, and lit using two Dedocool DC anti-flicker lights targeted at the panel face
(Figure 5.3). A stand-alone data logger was used to record the camera footage and an Instron
CEAST 9350 drop tower utilising a separate data logger was used to interpret the load cell

located within the impactor tup. A calibrated 22kN load cell was used for all experiments.
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Figure 5.2: ASTM D7136 test fixture [25]

124



mirror

\ impactor tup

A
>~ impact
plate
camera i
4+ ' mirror
lighting ; |

Figure 5.3: Low velocity impact plate test set-up: (a) photograph, (b) diagram

5.2.3. Data reduction

The Instron CEAST 9350 drop tower automatically integrated the 22kN load cell data to
provide displacement and velocity readings of the impactor tup, since both the drop height

and total drop mass were known for each event.

5.3.Finite element numerical modelling
5.3.1. Numerical model theory
Since four separate materials were tested, separate FE models using Abaqus 6.14 explicit were

required for each test. Continuum shell elements (SC8R) were utilised for the in-plane

composite ply properties as well as cohesive elements (COH3D8) for the interlaminar fracture
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processes. A proprietary VUMAT (Abaqus user subroutine) material model was introduced
to the models to be able to utilise the translaminar fracture toughness values determined in
Chapter 4, since energy-based through-thickness composite failure material models were not
available by default for Abaqus 6.14 explicit, as highlighted by Bogenfeld [109]. The subroutine
was developed theoretically by Iannucci and Ankersen [122] and then ported to Abaqus using
Fortran by Ankersen [163].

The in-plane damage modes considered in the material model include:

e Tensile failure in the (in-plane) 1-direction and the 2-direction
e In-plane shear failure in the 1-2 direction

e Compressive failure in the (in-plane) 1-direction and the 2-direction

The instantaneous moduli and strength (which are degraded as a function of their initial
modulus and instantaneous stress respectively) for the damage modes were characterised by

the following formulae:

E=(1-dad)E° (5.1)

o=35(1—d) (5.2)

where d=0 represents a wholly undamaged material, d=1 represents a fully damaged material,

E is the instantaneous modulus in the desired mode, E° is the undamaged modulus, o is the
material strength, and & is the effective stress (strain equivalence: a damaged volume of
material under the nominal stress shows the same stress-strain response as a comparable

undamaged volume under the effective stress & [175])

Each of these components follow an energy-based bilinear plane stress-strain law (Figure 5.4).
Once the integration point initiation strength (o., &) in the respective direction is reached,
damage propagation is characterised using the following relationships until the maximum
strain €,,, at which the material point is fully damaged (d=1) and the modulus E is degraded

to zero.
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Since:

o(e) =Ee
Substituting E from Eqn. (5.1):
(5.3)
o(e) =(1—-d)Eye
and, (&) = (&max — &) (5.4)
Therefore equating (5.3) to (5.4):
Emax €o
= -= 5.5
(Smax - 50) € ] ( )
Where:
Ge
=2 5.6
E€max ol (5.6)

where d is the level of damage (between 0 and unity), €., is the maximum strain (d=1), g, is
the initiation strain, G. in the translaminar fracture toughness (critical strain energy release

rate), . is the initiation strength, and I, is the characteristic element length.

-

&n Srmax <1

Figure 5.4: Bilinear energy-based stress-strain law with damage

By default, the characteristic element length is calculated by Abaqus as the square root of the

area, which does not take into account the case of elements where the aspect ratio is not
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constant, leading to a possible source of error. It is displayed as a user defined output variable
where the characteristic length of each element in presented as a fraction of the maximum
characteristic length. This law is also used to maintain mesh objectivity such that the damage
propagation does not exceed the physical laws of energy conservation (ie the fracture toughness

is not negative), whereby the maximum characteristic length [163] is given by rearranging Eqn.

(5.6):

G.E

2 (5.7)

I, <2
x o,

Since the in-plane shear load response curves of all the composites are non-linear (Section
3.1.3), the response of the stress-strain response was fully characterised using the following
formula:

Gy = maximum{ —A(—ve) Guae —A(r—7o) (3.1)
Gizinite 0) — A(Y = Y0)G1zinite 0

where y is the shear strain, A is a fitting constant, Gy is the initial (linear) modulus, G is
the final (linear) modulus, Sc, is stress at which the response transitions from linear to non-

linear, and y ¢=Giaiit/Sco is the strain at the linear-to-non-linear transition (Figure 5.5).
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Figure 5.5: Non-linear in-plane shear curve fitting parameters [163]

The VUMAT material card required a total of twenty-nine user-defined input parameters,

including the material properties, as shown in Table 5.1. The input deck material properties
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were taken from the 0°/90° in-plane and translaminar fracture results presented in Chapters
3 and 4 where required, therefore all plies were assumed to be of equal modulus in 0° and 90°

(directions 1 and 2). The B permanent strain constants were set to allow for permanent plastic

strain post-impact, since much of the energy absorbed resulted in non-elastic rebound of
partially degraded integration points, discussed in further detail in Section 5.3.2. The
compressive fracture toughness was assumed to be equal to the tensile fracture toughness from
the Compact Tension testing (Chapter 4), and since tensile fibre fracture dominated the impact

event this assumption would not affect the resulting load response. The fibre and matrix
compression ‘debris’ post failure strength was considered as the monolithic MTM57 matrix
compression strength measured in Chapter 3, since any debris crushing would be a matrix
dominated process. The failure flag was set to a value of ‘2, indicating material point deletion

occurred at both failure in tension in the 1 and 2-directions. The other options available are

as follows:

1. Fibre failure and non-zero matrix damage; or matrix failure and non-zero fibre damage

(tension).

2. Both fibre failure and matrix failure (or fibre failure in woven/biaxial composites)

(tension)
3. In plane shear failure

4. Fibre failure or matrix failure (tension)

5. Fibre failure. Deletion also occurs if matrix strain (direct or shear) exceeds €,
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Table 5.1: VUMAT material input deck [163]
.cae | .np | Parameter | Description
entry | enfry
Line 1: Elastic constants

1 1 Ej; Young's modulus in fibre direction
2 2 E;; Young's modulus in matrix direction
3 3 Vi3 Major Poisson’s ratio
4 4 G 2init Initial in-plane shear modulus
5 5 G12uie Ultimate in-plane shear modulus
6 6 N/A
7 7 N/A
8 8 N/A

Line 2: Permanent set constants (must be >=1)
9 1 b1 Fibre tension
10 2 i3] Matrix tension
11 3 Jif In-plane shear
12 4 B Fibre compression
13 5 Bs Matrix compression
14 6 N/A
15 7 N/A
16 8 N/A

Line 3: Critical fracture energy per unit area
17 1 Gier Fibre tension
18 2 Garr Matrix tension
19 3 | factiz In-plane shear (yu: = fact;» ¥ v.) can be set to zero
20 4 Gice Fibre compression
21 5 Gace Matrix compression
22 6 N/A
23 7 N/A
24 8 N/A
Line 4: Inttiation strength
25 1 Xt Fibre tension
26 2 Tr Matrix tension
27 3 Sc In-plane shear
28 4 Xe Fibre compression
29 5 Ye Matrix compression
30 6 Finteract 1 =S522-512 interaction, () = no interaction (max stress)
31 7 N/A
32 8 N/A
Line 5: Debris strength, shear parameters and failure flag

33 1 Xcr Fibre compression post failure strength
34 2 Yer Matrix compression post failure strength
35 3 A In-plane shear non-linearity parameter
36 4 K In-plane shear rate dependency factor
37 5 Sca In-plane shear stress where non-linear behaviour starts
38 6 Frit Failure flag
39 7 Amax Maximum damage (fibre tension always one)
40 8 Edel Shear or matrix strain for material point deletion
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5.3.2. Numerical model set-up

The FE models comprised of continuum shell stacks containing the composite material
properties (each with three integration points, as required for bending), interspersed with
cohesive element layers containing the interlaminar properties as presented in Table 5.2 and
the material properties determined through the experimental testing in Chapters 3 and 4. The
test rig was modelled using steel properties (Young’s modulus = 200GPa, density =
8050kg/m?) [176]. The impactor tup was modelled fully as a 16mm diameter hemi-spherical
impact head using rigid shell elements (R3D4) with a point mass inertia of 2.392kg (as
calculated by the Instron datalogger from the summation of the impactor components — load
cell, drop-weight mass, and impact tup), encompassing the total experimental impactor
geometry and mass. The test rig was fixed at the edges and the total model was one quarter
of the experimental test with symmetry about the y-z and x-z planes to allow for faster
computational time (Figure 5.6), since the fibre layups were 0°/90°, and hence symmetrical
about both of these planes. The rubber-tipped location pins (ASTM D7136 [25]) were not

modelled, since their constraining force was assumed to be negligible.

fixed face

Figure 5.6: Impact plate FE quarter model set-up

Each of the models contained a minimum of six cohesive element layers given the physical
layup in a sequence so as not split physical plies between element layers (Table 5.2). Six

cohesive layers were utilised due to recommendation by Sun et al. [114], and also Ehrich [20]
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who reported in his PhD thesis that a vast improvement in energy absorption and load response
accuracy was noticed with an increase in cohesive layers, when using the same Abaqus
VUMAT subroutine for monolithic composites. Each laminate was also modelled separately
with no cohesive fracture to identify the effect of interlaminar failure upon energy absorption
and load response. The contact for all parts was characterised using a global penalty-based
interaction property, with a ‘hard’ normal contact criterion and a penalty tangential behaviour

with a nominal friction coefficient of 0.3 [127].

Table 5.2: FE impact plate model thicknesses and continuum shell /cohesive element stacking

sequences
Material (total cured thickness) Layup, through-thickness (mm)
Monolithic S2-glass composite 0.256 0.256 0.1 0.256 0.256
~ ~ o~ ~ ~
(5.408mm) G G coh G G

(8 cohesive layers) 8

Monolithic T700 carbon composite 0.443 0.1 0.531 0.1 0.531 0.1 0.443 0.1 0.531 0.1 0.443

N~~~ DN e N e N e i or
(4.596mm) 5C coh 6C coh| | 6C coh 5C coh 6C coh 5C
(7 cohesive layers) 2
Interlayer fibre hybrid T700 0.0890.233 0.1 0.0890.2330.089 0.1 0.2330.089
~ M~ ~ o~ ~
carbon/S2-glass (5.02mm) C G coh ¢ G C coh G C
(8 cohesive layers) 4
Intralayer fibre hybrid T700 0574 01 0.574
~ o~ ~
carbon/Vectran (4.618mm) CV coh cv
(6 cohesive layers) 6
0.574 01

cv represents 1 x T700 carbon/Vectran continuum shell element that is 0.574mm thick, and coh
represents 1 x cohesive element that is 0.1mm thick

The continuum shell elements were assigned the composite material properties measured in
Chapter 3. Each continuum shell element contained one composite ply which was allocated
three integration points (to allow for bending), except for the monolithic T700 carbon

composite model, which blocked composite plies into either 5 or 6 per element, due to their
abundance. Abaqus continuum shell elements required through-thickness ‘transverse shear

stiffness’ allocation, which was not physically measured. Due to this, the in-plane shear
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properties were used in their place, since the out-of-plane shear moduli were assumed to be
largely matrix-dominated. The interlayer fibre hybrid T700 carbon/S2-glass fibre ratios were
kept equal to those determined through the TGA burn-off and the analytical microscopy as

reported in Section 3.1.4.

The cohesive layers were set to a nominal thickness of 0.1mm for all of the models with the
monolithic matrix strength providing the initiation strength of the layer. The monolithic
matrix tensile modulus was used for the through-thickness direction and the initial in-plane
modulus Gg,; used for both the 1 and 2-directions (relating to the ‘t’ and ‘s’ directions), since
this portion of the response was matrix dominated. A bilinear power law was used for the
cohesive properties, where the Mode I and Mode II interlaminar toughnesses interacted
together with quadratic power laws as follow for the stress-based initiation, and energy-based

propagation [113]:

where the initiation strength 1 and the fracture toughness (critical strain energy release rate)

were represented in the n’ (Mode I) and ‘s’/t" (Mode II) directions (ie G,*=Gic, and
G=G=Gyc), and a is a power indices used (with typical values of a usually between 1 and

2, and found by curve fitting to experimental data [177]).

Research by Camanho and Dévila [177] explored the behaviour associated with using the upper

and lower bounds of a at 1 or 2. They noticed that at a =1, thermoplastic PEEK composites
tended to be predicted well through numerical analysis using the power law, whereas at a =1
and a =2 epoxy composites failed to accurately capture the response. It was suggested that
the Benzeggagh and Kenane [178] criterion would be more suitable, but would require MMB
(Mixed Mode Bending) tests to further determine the coefficients required. A value of a=1.5
was utilised as a compromise using the power law, and for this analysis was considered

acceptable, although further experimental testing would be required to conclusively verify this.
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The global in-plane mesh size was set to 2.5mm and then refined around the impact region to
capture the failure mode processes. Figure 5.7 shows the mesh generation scheme for the plate
models, where Imm mesh size was used at the origin of symmetry, around the x-z and y-z

planes.

H0mm

gy

¥

L.

Figure 5.7: Mesh refinement and location in plate impact models (one quarter of the
experimental test)

BV

A mesh sensitivity study was employed using the monolithic S2-glass composite, since its unit
cell was the smallest of the materials tested. A mesh size of Imm was chosen since it was seen
to be within the experimental scatter for maximum load, maximum deflection (Figure 5.8),
and rebound velocity (Figure 5.9) (and therefore energy absorption, since they are directly
proportional). There was also less noticeable distortion in the load response for the lmm mesh
size compared to the 4mm mesh size. A mesh refinement of lmm around the impact site with

2.5mm globally elsewhere led to a total of 1064 elements per plate model layer.
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Figure 5.8: Mesh sensitivity study, 70J impact on monolithic S2-glass composite, load versus
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Figure 5.9: Mesh sensitivity study, 70J impact on monolithic S2-glass composite, velocity
versus time
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A mesh sensitivity study on the cohesive element thickness was conducted (Figure 5.10 and
Figure 5.11). At a cohesive layer thickness of 0.5mm, the through-thickness comprising of
cohesive elements was equal to that of the continuum shell elements. This resulted in an
erroneous load response (Figure 5.10) and energy absorption (Figure 5.11), since the relatively
low strength of the cohesive elements dominated the failure process by failing prematurely and
hence reducing the overall stiffness of the plate. Where a cohesive layer thickness of 0.05mm
was employed, the load response curve followed the experimental data except for the peak
load, which was 9.56% higher than the average experimental peak load and thus outside of the
experimental scatter. The 0.1mm thick cohesive layer model was closer to the experimental
data for peak load and exit velocity (and thus absorbed energy) and was therefore chosen as

the cohesive element thickness in the subsequent models.
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Figure 5.10: Mesh sensitivity study on cohesive thickness, 70J impact on monolithic S2-glass
composite, load versus deflection
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Figure 5.11: Mesh sensitivity study on cohesive thickness, 70J impact on monolithic S2-glass

composite, velocity versus time
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The tup was centred at the middle of the plate, Imm above the top ply element layer. A
predefined initial velocity of either -7.46m/s for a 70J or -10.66m/s for a 140J impact was
applied in the z-direction to the impactor tups centre of mass, which was constrained to spatial
movement in the z-direction. A gravity load card of -9.81m/s in the z-direction was applied

throughout the entire model step and for all elements.

The numerical model was compared directly to the experimental testing by plotting the relative
displacement, velocity, and load with respect to time taken from the centre of mass of the tup.
The load was calculated by multiplying the total tup mass with the acceleration reported from

the load cell.

Since glass fibres are known to be rate sensitive [149], a rate enhancement factor was employed
by the Abaqus VUMAT subroutine. The subroutine allowed both the in-plane modulus and
strength to be multiplied by the enhancement factor, which was governed by the following

formula:

.
Arate = 2 — e K (5.10)

where o .. is the rate enhancement factor, y;, is the shear strain rate, and k is a constant

which determines where the enhancement occurs.

If £ =0, no enhancement factor was applied and the equation was ignored in the calculations.
In-plane shear strain rate dependency for S2-glass/8552 epoxy composite was taken from the
literature [148], and used with the above formula to estimate a suitable & value to be used for
the S2-glass models. Figure 5.12 shows the literature value for a S2-glass/8852 composite with
k values 10, 50, 100, and 500. A value of & = 100 was used for the S2-glass FE models, but
the subroutine was not highly suitable due to its enforcement of a maximum enhancement
factor of two. The range of strain rates in the experiment were much higher than those
available within the model hence making the fit of the experimental data difficult without
altering the subroutine directly. Highlighted in the literature survey (Chapter 2), a recent
review by the research institution Swerea SICOMP [149] noted the scarcity of S2-glass in-plane
shear rate sensitivity data, where the only experimentation available was seen to be that of

Tsai and Sun [148]. The intralayer fibre hybrid T700 carbon/Vectran FE modelling was not
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subjected to this enhancement factor since insufficient data in the literature was available for
the hybrid regarding the effect that the Vectran fibres along with the T700 carbon interweave
had upon the strain rate sensitivity (although the effect upon changing this sensitivity was

seen to be negligible, see Appendix 10.2).
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Figure 5.12: Strain rate enhancement, rate enhancement factor versus strain rate [148]

A permanent strain constant was utilised within the numerical model to allow for plastic strain

to be permanently deformed upon damage of an element. The following formulae are derived

from Hooke’s Law, where a constant ‘B’ is introduced into the code to allow for permanent

strain [122]:
Ao = EAe + AEy¢ (5.11)
E =Ey(1-d) (5.1)
AE = —Eod (5.12)

Substituting (5.1) into (5.11):

- Ao = Ey(1 —d)Ae + a )s (5.13)
Substituting (5.12) into (5.13):
- Ao = Ey(1 —d)As — 0 (514)
.
o 0 € a )s
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Incorporating permanent strain constant § and o = Eye

do
(1-4d)

- Ag = Ey(1 — d)Ae — B (5.15)

where o is the stress, Eg is the elastic modulus, E is the modulus after damage initiation, € is
the strain, d is the damage criteria (between zero and unity), B is the permanent strain

constant.

To define the total plastic strain as a function of strain, Iannucci and Ankersen [122] provided

a full analytical solution for the following relationship:

re = |1 - (1—-A)e+ Aagy(1 - p) 3 gAag, (5.16)
pL (1-d)e Eo(1 — d)2e? ‘
where &, is the total plastic strain, A = ﬂ, and a is the strain rate enhancement factor

Emax—E€o

To verify the suitability of this constant and modelling approach, the largest value used for
the beta constant (p =18.0) was applied to a single continuum shell element model containing

the monolithic S2-glass composite properties using the VUMAT code with sufficient boundary
conditions to allow for Poissons’ ratio effects (Figure 5.13). The element was set to a cube of

1mm x lmm x 1lmm, being the same mesh size as that used at the impact site. A displacement

in the z-direction (out of the page) of lmm to ensure complete failure of the element (d=1),
0.125mm to reach d=0.25, and 0.3mm to reach d=0.6. It was noticed that at B=1, once the
load was removed from the element, it returned back to its initial state, whereas when the
load was removed before ultimate failure when B=18.0, some plastic strain was maintained

permanently, as required by the model. The stress versus strain curves for these single element
tests are shown in Figure 5.14. These stress versus strain plots were also verified by

substituting the known variables into the analytical solution (Equation (5.16)).

h

[,
e

Figure 5.13: Single element boundary conditions
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Figure 5.14: Loading and unloading of a single continuum shell element with permanent
strain constants B=1 and B=18, in-plane stress versus strain

The translaminar fracture toughness was taken as the R-curve propagation values since the
numerical model utilises a bilinear approach, requiring a single critical strain energy release
rate. The numerical model’s crack tip is inherently infinitesimally sharp, meaning that the
experimental microcracks formed during the crack initiation could not be captured
numerically. Furthermore, the length of the cracks produced during the impact are much
longer than the initial crack region found within the R-curves and are thus dominated by the
propagation fracture toughness. The intralayer fibre hybrid T700 carbon/Vectran fracture
toughness used in the numerical models was lower than measured propagation value due to
the large pull-out fibre lengths noticed within the failed ENCCT specimens, while still within
the associated experimental scatter (see Appendix 10.3 for parametric study informing this

value). These, as well as the other material properties are presented in Table 5.4.

The interlaminar properties used for the cohesive elements were taken from the mechanical
testing (Chapter 3), presented in Table 5.3 with exception to the interlaminar fracture
toughness of the carbon-carbon interface, which was taken from the literature [179] . The
interlaminar out-of-plane elastic modulus were taken from the monolithic MTM57 resin testing
whereas the in-plane modulus was taken from the respective initial in-plane shear modulus of
the laminate being modelled (since it was matrix dominated). The interlaminar fracture

toughnesses utilised the propagation values for the Mode I and Mode II tests (as with the
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translaminar values). The density was taken as the monolithic MTM57 resin density found
through experimental testing (Section 3.1.4). The initiation strengths in the shear directions

were assumed to be equal to the normal direction, since the required experimental shear testing

was not carried out.

Table 5.3: Interlaminar material properties used for FE modelling cohesive elements

Monolithic T'700 Interlayer fibre Intralayer fibre
Monolithic S2-

carbon hybrid T700 hybrid T'700
glass composite*!
composite*? carbon/S2-glass carbon/Vectran
Elastic modulus
out-of-plane 2.68 2.68 2.68 2.68
(GPa), E,,
In-plane shear
modulus (GPa), 5.68 4.25 5.57 2.48
Es, Eu
Nominal
initiation
strength (MPa), 80.07 80.07 80.07 80.07
T4 T T
Mode I fracture
toughness 1.15% 0.70*2 0.80 1.74
(kJ/m?), G,°
Mode II fracture
toughness 2.43%1 1.03*2 1.22 2.50
(kJ/m?), G, G¢
Power indices for
energy-based 1.5 1.5 1.5 1.5
power law, a
Density (kg/m?),
1202.8 1202.8 1202.8 1202.8

p

*IMonolithic S2-glass composite interlaminar fracture energies courtesy of S. Abdullah, Imperial
College London 1621

*2Monolithic T700 carbon composite interlaminar fracture energies from literature [179
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Table 5.4: Material properties used for impact plate FE modelling, continuum shell elements

Monolithic S2-
Monolithic T'700 Intralayer fibre hybrid

glass
carbon composite T700 carbon/Vectran
composite
Elastic modulus (GPa), E11/Es, 22.00 65.11 29.82
Poisson’s ratio, vi2 0.085 0.035 0.027
Initial in-plane shear modulus
5.68 4.25 2.48
(GPa), Giainit
Ultimate in-plane shear modulus
0.20 0.21 0.09
(GPa), Gl?ult
Translaminar fracture toughness
131.6 33.6 142.0
(kJ/m?), Gicr/Gacr/Gice/Gace
Initiation strength (MPa),
719.77 1183.27 671.83
tension, Xt/Yr
Initiation strength, in-plane
83.66 114.41 58.74
shear (MPa), Sc¢
Initiation strength (MPa),
371.81 762.00 165.78
compression, X¢/Yc
Fibre/matrix post failure
116.08 116.08 116.08
strength (MPa), Xcr/Ycr
In-plane shear non-linearity
51.0 33.5 24.0
factor, A
In-plane shear rate dependency
100.0 0.0 0.0
factor, Kk
In-plane shear stress where non-
linear behaviour starts (MPa), 2.67 0.74 1.77
Sco
Density (kg/m?®), p 1904.6 1532.9 1574.9
Permanent strain constant, 14.0 18.0 10.5
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5.4.Non-destructive testing
To compare the degradation of the cohesive elements within the numerical modelling to the
delamination extent from the experimental testing, C-scanning was employed. The post-tested
panels were submerged within a water bath and an ultrasonic probe was used to conduct a
‘mirror-echo’ type analysis using a TechniTest NDT C-scanner, as shown diagrammatically in
Figure 5.15. The echo of the beam on the back face was used to determine any potential voids,
inclusions, and delaminations. The gate set-up at the back-face echo location was used to
output an effective plot of the delaminated area. Fiji/ImageJ ver. 1.51h [166] was then used
to measure the shape of the delamination as well as the affected area. From this, the failed
cohesive plies within the FE model could be compared directly to the experimental tests to
effectively deduce whether the interlaminar fracture toughnesses modelled were in the correct

order of magnitude and shape.

front face echo

/

Amplitude

back face echo

Distance

Figure 5.15: Ultrasonic C-scan of failed experimental specimens, back face delamination
analysis
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5.5. Experimental testing and numerical modelling of flat plate impacts

The following Section outlines the complete experimental testing and numerical modelling for
the monolithic S2-glass composite, monolithic T700 carbon composite, interlayer fibre hybrid
T700 carbon/S2-glass, and the intralayer fibre hybrid T700 carbon/Vectran impact panels
following the ASTM D7136 [25] test standard. Table 5.5 and Table 5.6 present the
translaminar damage by comparing the experimental and numerical tensile fibre fracture (on
the models containing multiple cohesive layers) on the back-face of the impact panels for 70J
and 140J impact energies respectively (although only one panel for each material was
photographed, and the other panels were cut for microscopy). Table 5.7 and Table 5.8 present
the experimental C-scans alongside the numerical cohesive layer degradation plots, comparing

the areas produced through varying numbers of cohesive layers in the numerical models.

The back faces of one of each impact plate material was photographed and the image processing
software Fiji/ImageJ ver. 1.51h [166] was used to optically determine the total tensile crack
length by calibrating the scale to the plate edge dimensions (150mm x 100mm). This value

was then compared to the corresponding FE model damage plots.

The load response curves for the experimental and numerical data are discussed, highlighting
the advantages and drawbacks of the modelling approach. Optical microscopy along with the
high speed camera footage is utilised to further understand the failure modes associated with

the impact events and the effect of fibre hybridisation upon the responses.
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Table 5.5: Back face damage for 70J plate impacts, experimental versus numerical

Experimental Numerical (containing multiple cohesive layers)
(representative)
Visible g:;llzézce fibre Crack length (y-direction) Crack length (x-direction)

Monolithic S2-glass composite (8 cohesive layers)

L,

(measurements show crazing, 8mm Omm

fibre fracture was negligible)

Monolithic T700 carbon composite (7 cohesive layers)

WY,
e

-—

A 60mm

T

95mm 23mm

Interlayer T700 carbon/S2-glass (8 cohesive layers)

3bmm

50mm 13mm

Intralayer T700 carbon/Vectran (6 cohesive layers)

i\
s
L1 4

1
= l

| =

39mm

17mm 12mm
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Table 5.6: Back face damage for 140J plate impacts, experimental versus numerical

Experimental Numerical (containing multiple cohesive layers)
(representative)

Visible back-face fibre

damage Crack length (y-direction) Crack length (x-direction)

Monolithic S2-glass composite (8 cohesive layers

(measurements show crazing, 6mm
fibre fracture was difficult to
distinguish optically)

Monolithic T700 carbon composite (7 cohesive layers)

WL
el

48mm

2

125mm 50mm

Interlayer T700 carbon/S2-glass (8 cohesive layers)

95mm 25mm

Intralayer T700 carbon/Vectran (6 cohesive layers)

-

2mm

80mm 12mm
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Table 5.7: Delamination (interlaminar) failure for 70J plate impacts, experimental versus
numerical (not to scale)

Experimental Numerical
Representative Multiple cohesive layers Single cohesive layer failure
C-scan failure (total degradation) (total degradation)

Monolithic S2-glass composite

impact site

X > 5
5 2 5
X E = 5
L
8 cohesive plies 1 cohesive ply
Area = 319mm? Area = 367mm? Area = 2711mm?

(CV not available)

Monolithic T700 carbon composite

— _ - - .
ol : -8} £
Area = 1446mm? 7 cohesive plies 1 cohesi 1
(CV=24%) Area = 1376mm? Aregozezl;%%l}r;ﬁ

Interlayer T700 carbon/S2-glass

wu Ty
w0 |

8 cohesive plies

— 2
Area = 1910mm? Area = 783mm 1 cohesive ply
(CV=16%) Area = 7038mm?

Intralayer T700 carbon/Vectran

wwyg

6 cohesive plies

Area = 958mm? (CV=10%) Area = 311mm? 1 cohesive ply
Area = 382mm?
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Table 5.8: Delamination (interlaminar) failure for 140J plate impacts, experimental versus
numerical (not to scale)

Experimental Numerical
Representative Multiple cohesive layers failure Single cohesive layer failure
C-scan (total degradation) (total degradation)

Monolithic S2-glass composite

impact site

[\ =
ot ) ot
=)
X E g S
' B =
y
8 cohesive plies .
Area = 607mm? Area = 583mm? 1 cohesive ply
(CV not available) Area = 6891mm?

Monolithic T700 carbon composite

. 150mm
Area = 2092mm? 7 cohesive plies 1 cohesive ply

(CV:35%) . Area = 2761mm? Area = 6066mm?
(plate split in two pieces)

[, -
-
h

Interlaver T700 carbon/S2-glass

=
w
S
B
Area = 2171mm? 8 cohesive pli i
plies 1 coh 1
(CV=10%) Area = 1966mm? Are(z;O:eS81¥811I)n)r[n2

Intralayer T700 carbon/Vectran

>

Area = 1266mm? 6 cohesive plies
(CV=6%) Area = 390mm?

1 cohesive ply
Area = 739mm?
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5.5.1. Monolithic S2-glass composite

Figure 5.16 presents the load response curves for the monolithic S2-glass composite impacts at
70J energy. The FE model response can be seen to follow the experimental response very well,
with the numerical load curve falling closely within the experimental load curves during the

majority of the impact event.

(a) 16 (b) 16
14 14
12 12
Z 10 Z 10
o B = 8
g 6 g 6
4 4
2 2
0 0 e
10 0 1 2 3 4
Deflection (mm) Time (ms)
—Experiments —FE —Experiments —FE

Figure 5.16: Monolithic S2-glass composite load response at 70J impact: (a) load versus
deflection, (b) load versus time

The FE analysis that contained eight cohesive layers, as specified in Table 5.2, showed very
good agreement with the observed fibre fracture (which was almost nil for the 70J impact), as
shown in Table 5.5. The 70J impact exhibited crazing around the impact site (discolouration
of the surrounding matrix), obscuring the back-face fibre fracture on the experimental panels,

making correlation between the two difficult.

Figure 5.17 presents the through-thickness cross-section, which had been taken a few weeks
post-test, with little indentation noticed since material relaxation may have occurred. The
experimental data shown in Figure 5.16 presents the total deflection reaching about 4 to 5mm
upon the load returning to ON. Donckels, Y. et al [124] reported on this phenomenon where a
drastic reduction in dent depth within the first 24 hours post-impact for biaxial AS4/8552
carbon fibre panels was noticed and although differing from the material tested in this Chapter,

provides a possible reason for this discrepancy.

The cohesive damage behaviour within the numerical model presented degradation of 367mm?

with the C-scanned experimental counterpart at 319mm? when all eight cohesive plies were
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given damage initiation capabilities (Table 5.7). The same FE model with only one cohesive
ply closest to mid-plane presented much larger delamination growth (2711mm?), indicating
that the failure of the cohesive layers depended largely upon their quantity and location within
the through-thickness direction of the numerical model laminate. A microscopic through-
thickness cross-section at the damage site provided crucial information regarding this
phenomenon, indicating that the experimental specimens likely delaminated at two planes, as
shown in Figure 5.17. This gives an indication why the numerical model with one cohesive

layer vastly overestimated the cohesive damage.

delamination -
S
B
4b]
s
B3 g
© =
&
o,
k=

delamination

Figure 5.17: Monolithic S2-glass composite at 70J impact, through-thickness microscopic
image of failed experimental specimen

Figure 5.18 presents the load response curves for the monolithic S2-glass composite panel at
140J impact. Good correlation was also seen between the numerical and experimental load
curves. Table 5.6 displays the fibre fracture response of the plate both experimentally and

numerically where the crack length fibre fracture within the numerical model appeared to be
longer than that found experimentally. This discrepancy was indicative of ‘shear plugging’

[180], a phenomenon that occurs when a penetrating impactor tup produces through-thickness
shear failure as opposed to tensile fibre damage on the back face of the panel. This results in
a sudden load drop in the response since the energy required to propagate through-thickness

shear is lower than that of tensile fibre fracture.
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Figure 5.18: Monolithic S2-glass composite load response at 140J impact: (a) load versus
deflection, (b) load versus time

Matrix crazing (and thus likely delamination formation and growth) was noticed to have

occurred between 0.00ms and 0.79ms (Figure 5.19) from the high-speed camera footage.

Subsequently, significant fibre fracture was then seen to have initiated and propagated on the

back face of the specimen after 0.79ms. A load drop was noticed within the numerical model

and one of the experiments at approximately 1.50ms, approximately 1mm (0.25ms) before the

rebounding of the tup within the other two specimens. This load curve response feature for

that particular specimen was likely due to the shear plugging phenomenon upon partial

penetration, where the energy required to propagate through-thickness shear damage was lower

than that of back-face fibre fracture. Localised fibre crushing was also noticed from post-test

microscopy (Figure 5.20), akin to the tensile fibre fracture observed in the numerical model in

Table 5.6.

Undamaged Matrix crazing Fibre fracture

T TR
0.00ms 0.79ms 1.01ms

Figure 5.19: Damage progression on the back face of a monolithic S2-glass composite plate at
140J impact

151



The C-scanned image (Table 5.8) indicated an areal delamination of 607mm?, much closer to
the cohesive element degradation area of 583mm? for 8 plies than the 1 ply area of 6891mm?

(where the delamination uncharacteristically grew to the edges of the plate).

local fibre crushing

impact direction

x

delamination

i

Figure 5.20: Monolithic S2-glass composite at 140J impact, through-thickness microscopic
image of failed experimental specimen

5.5.2. Monolithic T700 carbon composite

Figure 5.21 presents the response curves for the monolithic T700 carbon composite plate
impacts at 70J. The numerical model was noticed to have initially followed the experimental
load response during the elastic phase, and then follow a higher load upon initial fibre fracture,
possibly due to internal damage within the panel. Figure 5.22 illustrates the tup contact from
0.00ms until 0.44ms causing only elastic behaviour, with initial fibre fracture beginning at
0.46ms. This indicates that the ‘step’ in load that occurred between Oms and 0.25ms was a
purely elastic response, since no interlaminar or translaminar damage was noticed during that
time period in the numerical model. It was expected that interlaminar damage would be
followed by translaminar damage, as noticed in the S2-glass numerical models. Within two of
the tested specimens, between approximately 1.60ms and 2.50ms, the initial crack was seen to
have propagated quickly in an unstable and brittle manner, where a drastic drop in load had
occurred. Subsequently, there was little damage whilst the tup impactor penetrated the plate

and in one case rebounded in the opposite direction (Figure 5.21a).
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Figure 5.21: Monolithic T700 carbon composite load response at 70J impact: (a) load versus
deflection, (b) load versus time

Undamaged Elastic bending Initial fibre Propagative fibre
fracture fracture

0.00ms 0.44ms 0.46ms 1.60ms

Figure 5.22: Damage progression on the back face of a monolithic T700 carbon composite
plate at 70J impact

Post-test inspection showed reasonable agreement between the crack lengths recorded
experimentally and through the numerical modelling. Because the experimental specimens
presented high scatter in their responses, it was difficult to quantify how accurate the

numerical models response was.

Where seven cohesive element layers were modelled, the interlaminar failure predicted by the
numerical model showed good correlation with the experimental testing (Table 5.7 and Figure
5.23) and the damaged area of the cohesive element layers presented a similar pattern to that

in the C-scan.
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Figure 5.23: Monolithic T700 carbon composite at 70J impact, through-thickness microscopic
image of failed experimental specimen

The 140J impact events for the monolithic T700 carbon composite specimens showed a similar
load response to the 70J impacts up until the initiation of fibre fracture, and the 140J
specimens exhibited a four-petal type failure (Table 5.6). This type of failure was noticeably
similar to the shear-plugging observed within the monolithic S2-glass composite load response.
Since the areal damage was limited locally to the region, it resulted in full penetration of the
impactor tup. Due to this, the impactor did not rebound for any of the experimental specimens
and four-petal type folds were seen to have extended from the impact site. Table 5.6 presents
the experimental versus numerical crack length differences, where the numerical model did not
capture the shear plugging (noticed experimentally after approximately 1.5ms), thus exhibiting

larger crack lengths during the fibre fracture phase of the impact event.

[
(e
—

Load (kN) &

Deflection (mm) Time (ms)

—Experiments —FE —Experiments —FE

Figure 5.24: Monolithic T700 carbon composite load response at 140J impact: (a) load versus
deflection, (b) load versus time

The numerical model with seven cohesive layers showed reasonably good agreement in
delamination. Figure 5.25 presents this analytically and approximately seven interlaminar

delaminations could be counted from the microscopic cross-section. The numerical model was
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unable to account for the shear plugging effect caused by high impact energies since the

through-thickness shear damage mechanism of the composite was not modelled.

g delaminations
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[«b]
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Figure 5.25: Monolithic T700 carbon composite at 140J impact, through-thickness
microscopic image of failed experimental specimen

5.5.3. Interlayer fibre hybrid T700 carbon/S2-glass
Figure 5.26 displays the response curves for the interlayer fibre hybrid T700 carbon/S2-glass
plate impacts at 70J. The numerical model followed the experimental response closely, falling
within the scatter of the experimental test curves. The latter stage of the load response curve
shows some variation from the testing, where tup rebound, the experimental load curve became
indented at approximately bmm, as shown in Figure 5.26a. This type of deformation was
unaccounted for in the numerical model, and the same phenomenon was also exhibited by the

hybrids main volumetric constituent, S2-glass, as discussed in Section 5.5.1.

(a) 14 (b) 14
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Figure 5.26: Interlayer fibre hybrid T700 carbon/S2-glass load response at 70J impact: (a)
load versus deflection, (b) load versus time

The post-test analysis of the failed specimens and the numerical model damage presented some
variation in the fibre fracture extent for each with the model over-estimating the fibre fracture
in the x-direction, displayed in Table 5.5. The dent relaxation phenomenon mentioned earlier

could be a possible explanation to the larger crack length recorded in the numerical model in
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the x-direction, since the overall energy absorbed by the experimental tests and the numerical

models were the same.

The cohesive element degradation for eight plies and one ply encompassed the range that the
C-scan image area presented in Table 5.7. There were three delaminations that extended from
the impact site as characterised by the microscopic cross-section of the laminate, Figure 5.27.
Since a strain rate effect was not implemented within the numerical model for the cohesive
element properties, it became difficult to quantify where the discrepancy between the model
and experiment had originated. The experimental testing of the Mode II interlaminar fracture
toughness only considered one orientation however (with the centremost carbon ply being in
tension), which could account for this. Furthermore, the C-scan displayed in Table 5.7
highlights regions of delamination following the common ‘peanut’ shape associated with
interlaminar impact damage, following the fibre directions (biaxially). The mesh geometry for
the impact plates (Figure 5.7) made replicating these shapes inherently difficult, given the high

elemental aspect ratio either side of the mesh refinement zone.

and site

delaminations

mpact direction

Figure 5.27: Interlayer fibre hybrid T700 carbon/S2-glass at 70J impact, through-thickness
microscopic image of failed experimental specimen

1

The fibre fracture crack lengths were well predicted, given the complexity of the varying fibre
types within the layup. The shear plugging effect noticed within the monolithic S2-glass
composite (Section 5.5.1) was also captured within the interlayer fibre hybrid specimens, where
the load dropped experimentally below the numerical model at about 1.8ms, after the relatively
brittle initial T700 carbon fibre breakages at approximately 1.25ms. This was quantified from
the high speed video capture footage of the back face (Figure 5.29) where the impactor tup
did not rebound (Figure 5.28), resulting in full penetration. From Figure 5.28, it was deduced
that the other two specimens did not undergo full penetration, but only partial penetration,

since their load response curves can be seen to return to ~12mm indentation.
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Figure 5.28: Interlayer fibre hybrid T700 carbon/S2-glass load response at 140J impact: (a)
load versus deflection, (b) load versus time
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Figure 5.29: Damage progression on the back face of a interlayer fibre hybrid T700
carbon/S2-glass plate at 140J impact

Through-thickness cross-sectional microscopy (Figure 5.30) corroborated the shear plugging
phenomenon, where local fibre crushing was noticed as well as multiple delaminations
extending from the impact site. The delamination pattern presented a good correlation
between the numerical model and experimental testing, where the delaminated area of the
experiments fell within the scatter of the numerical models containing eight and one cohesive
layers (Table 5.8). The bottom-most T700 carbon ply on the back-face of the specimen was
also seen to delaminate due to the plugging effect exhibited by the S2-glass fibres and could
be seen in the through-thickness microscopic image of a failed experimental specimen in Figure

5.30. The back-face ply was kept largely intact throughout the impact event, since the energy
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required to delaminate it from the rest of the panel was lower than the carbon fibre’s initiation

tensile strength.

local fibre crush

¥ impact direction
and site

delaminations
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Figure 5.30: Interlayer fibre hybrid T700 carbon/S2-glass at 140J impact, through-thickness
microscopic image of failed experimental specimen

5.5.4. Intralayer fibre hybrid T700 carbon/Vectran

Figure 5.31 presents the load response curves for the intralayer fibre hybrid T700
carbon/Vectran plate impacts at 70J. The numerical model accounted well for the fibre
fracture crack lengths, as good correlation of the numerical model and the experiments was

observed, Table 5.5.

Deflection (mm)

—Experiments —FE — Experiments —FE

Figure 5.31: Intralayer fibre hybrid T700 carbon/Vectran load response at 70J impact: (a)
load versus deflection, (b) load versus time

The numerical interlaminar failure did not however show good correlation for the 70J impact
since the thickness and crimp angle of the undulations in the fibres within the intralayer weave
caused erroneous back-face detection during the C-scanning. The pattern of the 2x2 twill

weave was noticed within the C-scan, extending away from the impact site, and can be seen

in Table 5.7.
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Figure 5.32: Intralayer fibre hybrid T700 carbon/Vectran at 70J impact, through-thickness
microscopic image of failed experimental specimen

Figure 5.33 presents the load response curve for the 140J event of the intralayer fibre hybrid
T700 carbon/Vectran panel impacts. Due to the extremely large shear plugging which was
evident from the failed experimental section shown in Figure 5.34, the experimental tests
presented shear plugging after approximately 1ms, whereas the numerical model failed to
capture this and continued to undergo fibre fracture along the x-direction and y-direction,
Table 5.6. The microscopic section (Figure 5.34) highlights the disintegration of the fibres at
the impact site upon the full penetration of the impactor tup, caused by shear plugging. The
shear plugging evident in the 140J impact energy for the intralayer fibre hybrid T700
carbon/Vectran plates can be attributed to the high fibre crimp within the weave, leading to

poor through-thickness strengths.
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Figure 5.33: Intralayer fibre hybrid T700 carbon/Vectran load response at 140J impact: (a)
load versus deflection, (b) load versus time
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Figure 5.34: Intralayer fibre hybrid T700 carbon/Vectran at 140J impact, through-thickness
microscopic image of failed experimental specimen

Because of the catastrophic effect that the 140J impact had upon the intralayer fibre hybrid
T700 carbon/Vectran plate, the numerical model was unable to capture any relevant
information beyond the peak load since the through-thickness shear damage mechanism was
not modelled. Instead, the FE model underwent continuous fibre fracture and hence meant
quantifying the energy absorbed through the impact event at this level and comparing to the

other materials was difficult because the plate failed in its entirety, through-thickness.
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5.6. Quantifying the numerical model’s accuracy

By quantifying the peak loads and the energy absorbed through the impact events [20], it was
possible that some conclusions may be drawn regarding the viability of the materials tested
for the design of automotive sector structural components. Summary graphs for the peak loads
(Figure 5.35, Figure 5.36, Figure 5.37, and Figure 5.38) and total absorbed energy (through
the area encapsulated within the load response curves) (Figure 5.39, Figure 5.40, Figure 5.41,
and Figure 5.42) were quantified for both the experimental data and numerical models per
unit mass of the specimen and per unit through-thickness, as automotive component design
prioritises material density [131]. The absorbed energy was calculated through the use of the
trapezium rule, where the total energy was taken as the encapsulated area of the load versus
deflection graphs. The numerical model data was presented with interlaminar damage and
without interlaminar damage (the cohesive layers’ strength and fracture energies were
withdrawn from the simulation and thus interlaminar damage was not initiated). By doing
this, the effect and the presence of damage within the cohesive layers was clearly defined. The
experiments where full impactor tup penetration due to shear plugging occurred are labelled

and can therefore be treated accordingly when comparing the results.

At the 70J impact events, the interlayer fibre hybrid T700 carbon/S2-glass presented the
highest range of peak loads. This was not the case for the 140J impact events where the
monolithic S2-glass composite and the interlayer fibre hybrid T700 carbon/S2-glass presented
a similar magnitudes of peak load. The load response curves of the numerical models showed
good agreement with the experiments where the impactor tup did not fully penetrate the plate,
since the shear plugging failure mode was not implemented within the material model. The
numerical modelling of the impact rig was conservative in its structural stiffness because the
entire impact rig was not modelled and instead fixed rigidly, leading to inherently less
compliant boundary conditions than the experimental test rig environment. This would
manifest as longer load numerical response curves since the damping effects associated with
the experimental rig were not captured. This was noticed particularly in the 70J load responses
of the monolithic S2-glass and the interlayer fibre hybrid T700 carbon/S2-glass as the load

responses took longer to return to zero (Figure 5.16 and Figure 5.26).
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Figure 5.35: 70J composite plate impact, peak loads per unit mass
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Figure 5.36: 70J composite plate impact, peak loads per through-thickness
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Figure 5.37: 140J composite plate impact, peak loads per unit mass

162




g 4500

=

é 4000

w3500

[}

£ 3000

=

g

b 2500 5 A

22000 8 &

5 < <

= 1500 & g

. =

8 1000 % =

g A~ ~

g 500 N A

—~ =] =]

= 0 & &

Y Monolithic S2-glass ~ Monolithic T700 Interlayer fibre Intralayer fibre
carbon hybrid T700 carbon hybrid T700 carbon

/ S2-glass / Vectran

mExperiment ®mFE ®FE (no interlaminar damage)

Figure 5.38: 140J composite plate impact, peak loads per through-thickness

Although superior in other material properties, such as modulus and strength, the monolithic
T700 carbon composite presented the worst impact performance since the impactor tup was
observed to fully penetrate the plates at both 70J and 140J. The fibre hybridisation of the
S2-glass with the T700 carbon proved to be beneficial, since similar absorbed energies were
noticed per unit mass, compared to that of the monolithic S2-glass composite. Therefore, due
to the interlayer fibre hybrid’s improved in-plane properties compared to the monolithic S2-
glass composite, it presents beneficial properties for use in outer bodywork within the

automotive sector, where structural and impact properties are integral to the materials

required performance.

Where the impactor tup did not fully penetrate the plate, the absorbed energies determined
through numerical modelling were seen to be lower than their experimental counterparts. This
was likely due to the experimental impact rig absorbing some energy to the external

surroundings, uncaptured by the numerical model due to its rigid boundary conditions.
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Figure 5.39: 70J composite plate impact, absorbed energies per unit mass
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Figure 5.40: 70J composite plate impact, absorbed energies per through-thickness

The most consistent and accurate modelling was for the monolithic S2-glass composite, both
in the load response curves in Section 5.5.1, and the peak loads and absorbed energies in Figure
5.39 and Figure 5.41 respectively. Because the materials were modelled as 0°/90° plies, the
non-crimp fabric architecture of the S2-glass most suited this configuration of modelling. The
thicker intralayer fibre hybrid T700 carbon/Vectran presented less desirable accuracy, since
the fibre architecture was much more complex and hence became more dominated by the
through-thickness properties such as shear plugging of the material which the (in-plane)

numerical model failed to capture.
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Figure 5.41: 140J composite plate impact, absorbed energies per unit mass
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Figure 5.42: 140J composite plate impact, absorbed energies per through-thickness

5.7. Summary
Low velocity impact of two fibre hybrid composites and the T700 spread tow and S2-glass
monolithic composites were characterised and showed agreement with an energy-based bilinear
plane stress Abaqus VUMAT subroutine. The numerical model was able to capture the load
responses of the interlayer and intralayer fibre hybrid composites at low velocities (without
through-thickness shear plugging effects). There was a clear limitation of the numerical model,

where full impactor tup penetration was observed for multiple instances at 140J due to shear

165



plugging which is due to a poor through-thickness shear strength, uncharacterised by the in-

plane numerical model. These were highlighted in the peak load and absorbed energy graphs.

At the low impact energy, the intralayer fibre hybrid T700 carbon/Vectran composite
exhibited the largest specific energy absorption properties, whilst at the higher impact energy
the poor through-thickness shear strength of the intralayer fibre hybrid (due to the high crimp
associated with the 2x2 twill weave) dominated the failure. Conversely, the interlayer fibre
hybrid T700 carbon/S2-glass presented good energy absorption without full tup penetration
at the higher impact energy where the fibre crimp in the carbon spread tow and non-crimp
glass fabric layers was low. The interlayer fibre hybrid T700 carbon/S2-glass showed similar
energy absorption to the monolithic S2-glass composite with no tup penetration at 140J,
making it superior to the monolithic T700 carbon composite. This provides a good argument
for use of the interlayer fibre hybrid over the intralayer fibre hybrid within the automotive
industry, where low velocity impact resistance as well as structurally stiff material properties

are integral to component design.

Chapter 5 publications and dissemination:

e Invited webinar presentations:
o T. Katafiasz, “Bridging Characterization and Simulation: Materials
Information Needs for Design,” in Granta Webinar, Cambridge, UK, 2017
[16]
e Conference oral presentations:
o T. J. Katafiasz, “Development of a Novel Compact Tension Specimen for
Fibre Hybrid Composites,” in CompTest 2017: 8th International Conference

on Composites Testing and Model Identification, Leuven, Belgium, 2017 [15]
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6. Low velocity structural impact response of fibre hybrid
composites on a reduced scale car bonnet

6.1. Introduction
The fibre hybrid materials tested throughout this research, reported in the previous Chapters,
have proven to be beneficial in both structural and impact performance compared to their
monolithic composite counterparts. Low velocity impact numerical modelling has shown that
the fibre hybrid composites can be accurately modelled at reasonably high energy level. This
Chapter covers the steps taken to experimentally develop an impact rig which employed
carefully controlled and therefore quantifiable boundary conditions for accurate correlation
with numerical modelling of a reduced scale component. A 1:5 reduced scale Bentley
Continental (Figure 6.1) car bonnet was impacted at 15J and 20J energies for direct
comparison with numerical modelling in both load response and two independent strain gauges.
Two low energy levels were chosen to provide what would produce a largely elastic response
within the specimens, and a 5J variation to provide insight into the sensitivity of the numerical

modelling.

Figure 6.1: Bentley Continental Supersports Convertible [181]

6.2. Mechanical testing

6.2.1. Manufacture using a Bentley bonnet mould

A reduced scale (1:5) Bentley Continental car bonnet mould (Figure 6.2) was supplied by
Solvay [8] to manufacture fibre hybrid composite bonnets for mechanical testing and then

numerical model correlation. A total of twelve bonnets were manufactured, with three for
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each energy level and a total of six for each fibre hybrid composite. As with the previous
material manufactured in Chapters 3, 4, and 5, RFI was employed to ensure a consistent layup
and fibre volume fraction across all levels of testing for both the resin volume fractions and
the interlayer fibre hybrid volume fractions, in accordance with the TGA and analytical

microscopy conducted in Section 3.1.4.

380mm

Figure 6.2: Bentley Continental car bonnet mould: (a) female side, (b) male side

Table 6.1 presents the nominal cured thicknesses of the fibre hybrid bonnets as well as their
stacking sequences. A nominal thickness of 2mm was chosen as the minimum layup required
for the interlayer fibre hybrid to maintain the four carbon to three glass fibre ply ratio. The
numerical model’s through-thickness element stacking sequence was included for completion,
where each material ply contained three integration points to allow for bending, as with the
plate impacts in Chapter 5. The homogenised material properties and numerical modelling

approach are discussed in full in Section 6.3.
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Table 6.1: Bonnet nominal cured thicknesses and stacking sequences

Material (total cured thickness) Layup, through-thickness (mm)

0.089 0.231 0.089 0.231 0.089 0.231 0.089
MM M M M M M
c ¢6 C G C G ¢C

glass (2.10mm) 0° 25° 0° Ty

[ 1 element 1element 1 element -|

Interlayer fibre hybrid T700 carbon/S2-

1 element 1 element

—— ——
Intralayer fibre hybrid T700 0;_53\0 0;_5,20
Ccv Ccv

carbon/Vectran (2.32mm) o7 P

0.580

cv represents 1 x T700 carbon/Vectran continuum shell element that is 0.580mm thick

The fibre plies and resin film plies were cut using an automated cutting machine to the desired

shape of the bonnet (Figure 6.3). The bonnets were laid-up according to the layup presented

in Table 6.1, where *45° plies were also included as well as 0°/90° plies. The layup was

constricted to keeping the *45° plies closest to the mid-plane to ensure sufficient flexural

stiffness about both the 0°/90° and +45° axes.

Figure 6.3: Dry fibre plies cut to bonnet shape, T700 carbon and S2-glass
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Chemlease 41-90 EZ [182] release agent was applied to the mould using a lint-free cloth with
six coatings before every third autoclave curing cycle since multiple releases between coatings

were applicable to this type of agent.

Upon curing at 125°C for 1 hour within an autoclave under vacuum and cooling to room
temperature [159], the bonnet parts were removed from the mould and a circular saw was used

to remove the resin flash as well as extra fibres beyond the desired bonnet shape.

6.2.2. C-scanning of cured bonnets

To ensure that the bonnets did not contain delaminations, voids, or inclusions, ultrasonic C-
scanning was employed using a TechniTest NDT system. The bonnets were submerged into
a water bath and a 5MHz probe was used to undertake a transmission-echo ultrasound. Similar
to the impact plate C-scanning in Section 5.4, non-destructive C-scanning was undertaken pre-
test and post-test to capture defects. Because of the curvature of the bonnet surface, the
automated scanning of the C-scanning machine could not be used alone, since a perpendicular
ultrasonic pulse to the composite plies is imperative for the identification of possible
delaminations. To solve this problem associated with the curvature, a proprietary in-house
gimble was used (Figure 6.4). The gimble, developed at Imperial College London, allowed
rotation about 2-axes, making it possible to follow the double curvature of the bonnet
geometry. By keeping in contact with the bonnet surface using a 3-point fixture made from
PTFE to avoid scratching the specimen, the surface of the bonnets were kept almost

perpendicular to the probe head during scanning.

probe mount.

Figure 6.4: C-scanning gimble: (a) Isometric view, (b) bottom view with 3 PTFE contact
points
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The fibre hybrid bonnets were held in place using steel blocks to prohibit movement and an
area of approximately 180mm x 180mm was scanned, with the corresponding locations shown
in Figure 6.5 and representative C-scans presented in Figure 6.6. Clear C-scan plots show
that the bonnets did not contain any delaminations at the intended impact site (see Section

6.2.3).
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Figure 6.5: Bonnet C-scan configurations and approximate scanning locations: (a) Intralayer
fibre hybrid T700 carbon/Vectran, (b) Interlayer fibre hybrid T700 carbon/S2-glass

0

oL 5

5l
L o |

180mm

0z

ra
o

I}

GE

Figure 6.6: Representative C-scan plots pre-test (colour scale in dB): (a) Intralayer fibre
hybrid T700 carbon/Vectran, (b) Interlayer fibre hybrid T700 carbon/S2-glass
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6.2.3. Test rig development and set-up

The following outlines the development of an impact test rig designed to fix the scaled bonnets
with repeatable and quantifiable boundary conditions. By developing a test rig with
stringently quantifiable boundary conditions, the numerical model boundary conditions could
be constructed to be representative of the experiment. Previous work in the Department of
Aeronautics at Imperial College London [160] showed that the same reduced scale Bentley
Continental car bonnet could be used to rank the structural performance of various composite
materials. There was however an issue with the numerical modelling, since the bonnet was
simply placed on an open section of steel plate, and the frictional effects as well as the damping
effects of the system were unknown. It would also have been difficult to attach strain gauges
to an object free to move so drastically without tearing from the connecting strain gauge wires,
typically relatively fragile. Video footage of a preliminary impact test (Figure 6.7) shows the
impactor tup striking a plain weave T700 carbon fibre/ MTM57 reduced scale bonnet which
was resting on a steel plate. Subsequent to impact, the bonnet was seen to spring away from

the base plate in an unquantifiable manner since the boundary conditions were uncontrolled.

¢ spring back

Figure 6.7: Preliminary bonnet impact testing exhibiting uncontrolled boundary conditions
[160]

To control and therefore quantify the boundary conditions involved in the low velocity impact
testing, either clamps or adhesive would need to be utilised to constrain its movement. End
blocks were developed using PTC Creo Parametric 2.0 CAD software and manufactured from
mild steel using a CNC machine. To minimise stress concentrations around the end blocks,
rounded edges were incorporated as well as rounded chamfers between the connecting face and
the mounting point. Appendix 10.7 presents the drawings of the end-blocks used, based upon
the end blocks utilised with the DCB and 4-ENF testing conducted in Chapter 3.3.
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The base rig of the impact fixture was also designed using Creo Parametric 2.0 CAD software
and manufactured from mild steel, cut from a plate using a waterjet cutter. Countersunk
impact resistant screws were used to connect the base rig together with the upright fixture
points. The boundary conditions were developed to allow rotation at the rear of the bonnet,
whilst being fully fixed at the front (representative of a full scale bonnet boundary conditions
in service), as shown diagrammatically in Figure 6.8. The rear end blocks were pinned using
8mm diameter pins and loosely tightened with an M8 bolt to allow free rotation about the x-
axis. The front-end blocks were spaced 42mm from each other, and the rear 82mm from each
other, as shown in Figure 6.9. The front-end blocks were mounted using a hand wrench and
torqued as tightly as possible by hand to minimise rotation about the y-axis. See Appendix

10.7 for drawings of the complete test fixture, including dimensions.

Figure 6.8: Base rig boundary conditions
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Figure 6.9: End block locale

The bonded region of the bonnet was sanded by hand and cleaned with isopropyl alcohol. The
end blocks were then bonded to the bonnet surface using Araldite 2011 two-part epoxy due to
its low shrinkage and good resistance to dynamic loading, as stated in its datasheet [183].
Each bonnet was clamped to the test rig fixture using three G-clamps, hand tightened and

then left overnight to cure fully before removing the clamps for testing (Figure 6.10).

Figure 6.10: End block bonding set-up
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Although the G-clamps were used primarily to aid in adhesion between the flat face of the end
block and the bonnet surface, the pressure exerted produced adhesive flash, introducing a
natural chamfer in the epoxy adhesive, alleviating a step change between the block and the
bonnet surface and hence reducing the stress concentrations caused by the impact loading. By
applying pressure to the end blocks and the surface of the bonnet, excess adhesive flash
naturally built up around the sides of the block (held in place using screws during curing), an

image of this is presented in Figure 6.11.

-

e

Figure 6.11: Natural adhesive chamfer between end block and bonnet surface (rear of
bonnet)

The bonnet impact rig was loaded into the Instron CEAST 9350 drop tower and attached to
the base plate using M8 bolts. The impactor tup was set centred at 120mm from the front of
the bonnet with two FLA-3-11-1LJC 3mm 120Q linear gauges (Figure 6.12) attached to the
top and bottom of the bonnet, oriented in the x-direction and located 80mm in the x-direction
from the impact site. The strain gauge connecting wires were held in place using masking tape
to avoid breaking of the delicate wiring during impact, as shown in Figure 6.13. Dedocool
anti-flicker DC lighting was used to illuminate the bottom of the bonnet and high-speed video
footage was captured using a Phantom v25.11 camera at 100000fps via a mirror located
beneath the test, so as to avoid damaging the camera lens from potential fragments or debris

produced by the impact event.
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Figure 6.13: Bonnet impact test set-up

The strain gauges were connected to a DSO (Digital Storage Oscilloscope) at a sampling rate
of 200000 points per second and triggered manually upon impact (by pressing the trigger by
hand). The CEAST software supplied by Instron was used to capture the load cell data, which
automatically integrated the load output to determine the velocity and displacement as well
as the load, since the mass of the impactor was known to be 2.392kg. The tup diameter used
was 16mm, identical to that used throughout the flat plate impacts presented in Chapter 5.
Six bonnets made from each fibre hybrid composite were subjected to impact testing, three at
15J, and three at 20J, resulting in a total of six interlayer fibre hybrid T700 carbon/S2-glass

bonnets and six intralayer T700 carbon/Vectran bonnets manufactured and tested. A 45J
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impact energy was tested but resulted in end-blocks debonding prematurely and therefore

invalidating the results.

6.3. Numerical model set-up

The numerical model of the bonnet impact testing was set up by considering the boundary
conditions point of contact with the bonnet part. The CAD file of the bonnet was kindly
supplied by Solvay [8] along with the mould, and a shell section was created. All minor facets
and minute edges, artefacts of the original CAD model, were smoothed and removed using
Abaqus 6.14 to enable automatic meshing. The mesh size was used from the mesh sensitivity
study undertaken in Section 5.3.2 since it provided a good level of resolution in capturing the
relevant failure modes in the same materials, using the same subroutine and element type.
The bonnet impact numerical model consisted of 12126 continuum shell elements for the
interlayer fibre hybrid T700 carbon/S2-glass model, and 8084 continuum shell elements for the
intralayer fibre hybrid T700 carbon/Vectran model. The global mesh size was set to 14mm,
with Imm local refinement around the impact site and 1.5mm along the strain gauge length,

shown diagrammatically in red, Figure 6.14.

120mm

//
g 1

Figure 6.14: Part sectioning and mesh refinement zones, coloured red

The boundary conditions of the numerical model were constrained using MPCs (Multi Point

Constraints). These are rigid element ties between one control point and multiple connecting
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nodes, allowing for rotational moment and displacement of the control point, dependent upon
its own boundary conditions. Figure 6.16 shows the location of the MPC control points which

emulate the end block constraints of the physical experimental rig shown in Figure 6.8.
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Figure 6.15: Bonnet mesh sizing

The 3-dimensional mesh was created using the Abaqus 6.14 ‘bottom-up’ mesh tool, where an

offset thickness and number of layers (plies) were specified. These layers were then assigned

the material properties of the relevant fibre hybrid composite, as presented in Table 6.1.

The impactor tup was made up of rigid shell elements, identical to those used in Chapter 5,
with an inertial mass at its centre of 2.392kg, resembling the total tup mass within the
experimental set-up. A gravitational load card of -9.81m/s was applied in the z-direction
throughout the model simulation and an initial predefined field of either -3.51m/s for the 15J
impact or -4.05m/s for the 20J impact were applied directly to the centre of the impactor tup,
which was in turn constrained solely to displacement within the z-direction. The acceleration
output from the impactor tup was computed over the required time step and multiplied by
the mass of the impactor (2.392kg) to calculate a load for the response curves displayed in
Section 6.4. A global penalty-based interaction property was utilised, with a hard normal
contact criterion and a penalty tangential behaviour with a nominal friction coefficient of 0.3

[127).
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Figure 6.16: Bonnet impact model, MPC control points with boundary conditions

Cohesive surfaces were utilised instead of cohesive elements so that the cohesive element
behaviour would not affect the through-thickness properties of the model, given the relative
thinness of the bonnets. The Abaqus cohesive surface traction-separation energy-based power
law (1.5) was utilised (as with the plate impacts in Chapter 5), where the midpoint surface for
each model was given the following properties, determined from the material testing
undertaken in Chapter 3, shown in Table 6.2. The interlaminar fracture toughnesses utilised
the propagation values for the Mode I and Mode II tests, as with the plate impact models (see
page 140 for reasoning). Both the interlayer and intralayer fibre hybrid models were split mid-
plane through-thickness and the cohesive surface properties applied to the refined mesh region
at the impact point. The underside of the top half was set to the master surface, and the top
side of the bottom half was set to the slave surface. This was applied in Abaqus within the
general contact dialogue, under individual property assignments. The remaining nodes outside

of the refined area were then tied (allowing interlaminar damage to only occur within the
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refined region). This is shown diagrammatically in Figure 6.17, where the cohesive surface

locations are highlighted in red.

cohesive surfaces

Figure 6.17: Structural bonnet model (exploded into two halves), cohesive surface locations

Table 6.2: Cohesive surface properties

Interlayer fibre hybrid T700 Intralayer fibre hybrid T700

carbon/S2-glass carbon/Vectran
Stiffness in normal direction
2.68 2.68
(GPa), K
In-plane shear stiffness (GPa),
5.57 2.48
Kss/tt
Initiation strength for resin
80.07 80.07
(MPa), o
Mode I interlaminar fracture
0.70%* 1.74
toughness (kJ/m?), Gic
Mode II interlaminar fracture
1.03* 2.50

toughness (kJ/m?), Guc

*Monolithic T700 carbon composite interlaminar fracture energies from literature [179], since the
bonnet mid-plane was a carbon/carbon interface
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The material properties used for the continuum shell elements were identical to those in the
plate impact studies in Chapter 5 for the intralayer fibre hybrid T700 carbon/Vectran models.
The interlayer fibre hybrid T700 carbon/S2-glass models however contained a homogenised
form of material properties, determined from the testing of the fibre hybrid composite in
Chapters 3 and 4, presented in Table 6.3. The flexural stiffness of the bonnet layup (i.e.
[Co/Go/Cus/Gus/Co/Go/ Cis),) using the homogenised material properties was calculated using
classical laminate theory to be 36.0GPa and the using the individual ply properties was
calculated to be 33.6GPa. It was assumed that since the difference between these was low
(6.67%) it was sufficient for the structural analysis (although marginally larger than the
experimental scatter of the in-plane modulus (5.01%)). Because it would be unlikely for the
automotive industry to model each ply for a structural component due to computation

efficiency, the homogenised properties provided an ample means of capturing what was a
largely elastic response during impact of the bonnet. The permanent strain constant ‘B’ was

not utilised for the bonnet models since there was very little fibre fracture noticed

experimentally and therefore permanently deformed fibre fracture was not evident.

A virtual strain gauge was evaluated using the relative displacement between two local nodes,
located at the same distance from the impact site as experimentally (80mm in the x-direction)
as that shown in Figure 6.13 and Figure 6.14. This was due to the strain rate output from
the FE model using the integration points within the elements (i.e. not on the surface of the
model). The nodal displacements were output from the numerical models at a frequency of
5kHz to obtain an acceptably high resolution to compare with the experimental output of
200kHz. The following formulae were used to calculate an effective strain across the virtual

strain gauge during impact:

Uy =X1—X2 » Uy =Y1—YV2 , Uz =21 — 2y (6.1)
Ur = \/uxz +uy? +u,? (6.2)

ur—1u
& = ﬁ (63)

Uro

where u is the distance between the nodes in a given axis, ‘X, y, and z' denote the nodal co-

ordinates in a given axes for node 1 and node 2, ur is the total distance between the nodes, ur
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is the initial distance between the nodes, and € is the overall strain between the two nodes

(all for a given time step).

Table 6.3: Material properties used for structural bonnet impact FE modelling, continuum
shell elements

Interlayer fibre hybrid Intralayer fibre hybrid T700

T700 carbon/S2-glass carbon/Vectran
Elastic modulus (GPa), Ei1/Es 40.56 29.82
Poisson’s ratio, via 0.049 0.027
Initial in-plane shear modulus (GPa),
5.57 2.48
GlZinit
Ultimate in-plane shear modulus (GPa),
0.22 0.09
Glzult
Translaminar fracture toughness
65.3 142.0
(kJ/m?), Gicr/Gacr/Gice/Gace
Initiation strength (MPa), tension,
661.78 671.83
Xr/Yr
Initiation strength, in-plane (MPa), Sc¢ 80.00 58.74
Initiation strength (MPa), compression,
466.61 165.78
Xe/Ye
Fibre/matrix post failure strength
116.08 116.08
(MPa), XCF/YCF
In-plane shear non-linearity factor, A 50.0 24.0
In-plane shear rate dependency factor, k 100.0 0.0
In-plane shear stress where non-linear
4.00 1.77
behaviour starts (MPa), Sco
Density (kg/m?), p 1772.2 1574.9
Permanent strain constant, 1.0 1.0
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6.4. Experimental testing and numerical modelling of structural bonnet
impacts
The following outlines the complete experimental testing and numerical modelling for the

interlayer fibre hybrid T700 carbon/S2-glass and the intralayer fibre hybrid T700

carbon/Vectran structural bonnet impacts with the following data:

o Graphs:
o Load versus deflection [experimental + numerical]

o Load versus time [experimental + numerical]

e Interlaminar fracture:

o C-scanned images of discontinuities [experimental]

e Strain gauge and virtual strain gauge plots [experimental + numerical]

The results are presented alongside the discussion to allow for the reader to view the referenced
Figures and Tables. It should be noted that since no fibre fracture occurred, the video capture

did not provide any relevant information and is therefore omitted from the following Section.

6.4.1. Interlayer fibre hybrid T700 carbon/S2-glass

Figure 6.18 presents the structural bonnet numerical load responses for the interlayer fibre
hybrid T700 carbon/S2-glass during the 15J impact event. The curve demonstrates that the
impact event was largely elastic in response, since an overall half-sine wave was noticed in the
load versus time curves. There was however some resonance due to underdamping noticed in
the numerical models, manifesting as large variations in load throughout the impact event.
The curves in the following Figures present the approximate frequencies of resonance
associated with this response. A discrete Fourier transform (performed using the NumPy
Python library [185] with Python 3.6.5 [186]) of the load versus time curve quantified this

frequency at 329Hz to be predominant, Figure 6.19.
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Figure 6.18: Interlayer fibre hybrid T700 carbon/S2-glass numerical FE (undamped) load
response at 15J structural bonnet impact, load versus time
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Figure 6.19: Discrete Fourier transform of the load versus time response curve (Figure 6.18),
red dashed line encapsulates the frequency of interest = 329Hz, amplitude versus frequency

The initial portion of the 15J load response curve showed little harmonic resonance until
approximately 5ms, where the load curve was seen to drop significantly (Figure 6.18).
Subsequently, a full structural resonant response was observed throughout the remaining
impact event. Upon examining the numerical model up until 5ms, the majority of the bonnets’
deflection was largely seen to have been local, with most deformation having been around the

impacted region. After 5ms, the bonnet was perceived to undergo a larger deformation with
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a less local, more global response, where the rear of the bonnet engaged in larger deflections,

shown in Figure 6.20.
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Figure 6.20: Interlayer fibre hybrid T700 carbon/S2-glass 20J structural bonnet impact
deflection magnitude (m) at: (a) 5.0ms, (b) 7.4ms

To further understand the natural frequencies associated with the bonnet, an eigenvalue
natural mode analysis was carried out. Table 6.4 shows the first six mode shapes of the
numerical model along with their associated frequencies. The Abaqus Standard 6.14 linear
frequency perturbation solver was employed, where the material was assigned the homogenised
elastic properties and the density of the interlayer fibre hybrid T700 carbon/S2-glass
composite. The boundary conditions were kept the same as with the explicit analysis and a
total of 250 natural frequencies were requested using the Subspace convergence methodology
[113]. The same model with a point mass of 2.392kg at the impact point was added to
determine the effect of the tup mass on the natural frequencies (assuming a perfect contact
during the impact event). Mode 6 appeared to be remarkably similar in shape to that
presented in Figure 6.20b, as well as the frequency noted from the undamped numerical models
in Figure 6.18 and Figure 6.19. This was difficult to quantify conclusively however, due to the
complexity and overlapping of the natural frequencies. It was assumed that the numerical
model did not capture a damping factor present within the material of the interlayer fibre

hybrid T700 carbon/S2-glass structural bonnet impacts.
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Table 6.4: Natural frequencies of the interlayer fibre hybrid T700 carbon/S2-glass numerical
model

Mode number and associated frequency Mode shape

Mode 0 (without tup mass): 0Hz
Mode 0 (with tup mass): 0Hz

Mode 1 (without tup mass): 86.0Hz
Mode 1 (with tup mass): 85.8Hz

Mode 2 (without tup mass): 87.1Hz
Mode 2 (with tup mass): not present

Mode 3 (without tup mass): 174.1Hz
Mode 3 (with tup mass): 184.1Hz

Mode 4 (without tup mass): 183.6Hz
Mode 4 (with tup mass): 181.5Hz

Mode 5 (without tup mass): 342.6Hz
Mode 5 (with tup mass): 342.8Hz

Mode 6 (without tup mass): 344.0Hz
Mode 6 (with tup mass): 344.4Hz
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To counteract the resonance within the interlayer fibre hybrid numerical model, Rayleigh
material damping was employed, with a damping factor of 0.3 (found through parametric
modelling, Appendix 10.4). The reason for doing so was because the natural damping of the
experimental set-up was not accounted for. The following equation presents the Rayleigh

damping formulation, where the natural frequency found through the discrete Fourier
transform of 329Hz was used. The P constant was set to zero since it is associated with

damping higher frequencies.

g'zﬂ_l_ﬁRwi
b 2w 2

(6.4)

where &; is the damping factor, ay is the Rayleigh ‘alpha’ constant, w; is the natural frequency

at a given mode, and By is the Rayleigh ‘beta’ constant.

The resulting numerically damped models, along with the experimental load response curves
for the 15J and 20J impact events are presented in Figure 6.21 and Figure 6.22. Once Rayleigh
damping was employed, good correlation was observed in both load versus deflection and also

load versus time for the numerical models.

Deflection (mm) Time (ms)

—Experiments —FE —Experiments —FE

Figure 6.21: Interlayer fibre hybrid T700 carbon/S2-glass load response at 15J structural
bonnet impact: (a) load versus deflection, (b) load versus time
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Figure 6.22: Interlayer fibre hybrid T700 carbon/S2-glass load response at 20J structural
bonnet impact: (a) load versus deflection, (b) load versus time

Figure 6.23 and Figure 6.24 present the strain gauge responses for the structural bonnet
impacts at 15J and 20J respectively. The first half of the sine wave for both numerical models
were seen to compare well to the experimental tests, where both the magnitude of strain on
the top and bottom side of the bonnet as well as the time phase were captured accurately.
The second half of the sine wave was less well defined for the numerical models, and the second
half of the wave was seen to have taken longer to dissipate than the experimental waves. The
reason for this difference in rate of decay is difficult to quantify because of the complex
interactions occurring between the various natural modes of the system, but also because of
the rigidity of the numerical boundary conditions, which did not incorporate the elastic
compliance within the test rig.  Quantifying this however would require further testing
regarding the damping characteristics of the drop tower structure and materials, outside the

scope of this work due to time constraints. The experimental DSO appeared to truncate the
strain readings at 1600pe, but the reason for this was unknown. Aside from these, the

numerical model captured the strain gauge readings extremely well given the complexity of

the system.

The wave form captured both experimentally and numerically was in form due to the stress
wave caused by the impactor tup, permeating across the bonnet’s structure. The two strain

gauges appear to be opposing in tension and compression due to their placement on either side

of the bonnets surface, where the bonnet underwent flexure locally due to the stress wave.
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Figure 6.23: Interlayer fibre hybrid T700 carbon/S2-glass strain gauge response at 15J
structural bonnet impact
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Interlayer fibre hybrid T700 carbon/S2-glass strain gauge response at 20J

Figure 6.24:
structural bonnet impact

When comparing the impact site cross-sections for both event energies, a clear mid-plane ply

split could be seen in the 20J bonnet impact (Figure 6.25). C-scan plots also presented a

discontinuity in the ultrasonic pulse in both the 15J and 20J impacts, presented in Figure 6.26.

ply split

Figure 6.25: Micrographs of interlayer fibre hybrid T700 carbon/Vectran bonnet cross-
section along the plane x-z at impact site: (a) 15J, (b) 20J
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Given then that the cross-sectional micrographs and the numerical models both showed no
evidence of delamination, especially at 15J, the fact that the C-scan plots showed ‘damage’
(Figure 6.26) was surprising. This was likely due to the local indentation of the material
surface (noticed visually) rather than a potential delamination between neighbouring plies and
is corroborated by the experimental load response curve returning to a non-zero deflection
after the impact (Figure 6.21a and Figure 6.22a). It should be noted that the pixelated edges
shown in the C-scans are attributed to the slight movement of the bonnets during scanning,
despite the steel blocks used to prohibit movement (Figure 6.5). There was no damage
associated with fibre fracture through tension or compression in either the 15J or 20J numerical

models.

—>
10mm

14mm

Area: 48.43mm? Area: 155.71mm?
(CV=45.26%)

Figure 6.26: Representative C-scans for interlayer fibre hybrid T700 carbon/S2-glass bonnet
experimental impacts: (a) 15J, (b) 20J

6.4.2. Intralayer fibre hybrid T700 carbon/Vectran

Figure 6.28 and Figure 6.27 present the experimental and numerical load response curves for
both the 15J and 20J impact events. The 15J impact event showed reasonable correlation in
what was largely an elastic response, except some load noise at the point of maximum
deflection, where the tup began to rebound. This was due to compressive fibre failure occurring
at 8.2ms, where one element fully degraded and its damage criterion reached unity. This was
also the case for the load noise noticed within the 20J impact at 5.8ms, where the tup
acceleration was affected by the compressive degradation of two lmm x Imm continuum shell

elements at the surface of the bonnet, at the impact site. Figure 6.29 further validates this
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numerical failure mode, where fibre failure on the top surface of the impact site was noticed

through a cross-sectional micrograph at both 15J and 20J impact energies.
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Figure 6.27: Intralayer fibre hybrid T700 carbon/Vectran load response at 15J structural
bonnet impact: (a) load versus deflection, (b) load versus time
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Figure 6.28: Intralayer fibre hybrid T700 carbon/Vectran load response at 20J structural

bonnet impact: (a) load versus deflection, (b) load versus time
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Figure 6.29: Micrographs of intralayer fibre hybrid T700 carbon/Vectran bonnet cross-

section along the plane x-z at impact site: (a) 15J, (b) 20J
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Aside from the noisy load signals experienced in the experimental model, a good correlation
was noticed between the initial sine wave numerical and experimental load response curves.
Rayleigh damping was not required because no natural mode was excited by the impactor tup
in the numerical model. This implies that the material properties were correctly modelled

(since the velocity of a wave is a function of the modulus and density of the material).

Figure 6.30 and Figure 6.31 present the experimental and numerical initial strain gauge
responses for both the 15J and 20J impact events. Good correlation between the first half of
the sine wave (between approximately 0-4ms) was noticed for both impact energies, which
indicates that the modulus, volume, and density were correctly modelled (since the wave speed
is directly proportional to the elastic modulus and density). The magnitude of the strain
modelled was slightly larger numerically than experimentally recorded, although three of the

six bonnets failed to capture data at all due to a timing fault within the drop tower software.
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Figure 6.30: Intralayer fibre hybrid T700 carbon/Vectran strain gauge response at 15J
structural bonnet impact
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Figure 6.31: Intralayer fibre hybrid T700 carbon/Vectran strain gauge response at 20J
structural bonnet impact
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Similar to the interlayer fibre hybrid discussed in the previous Section 6.4.1, post-test C-scans
showed discontinuities around the impact site whereas the numerical models showed no
interlaminar failure and the damage plots were likely attributed to indentation effects. This
theory was further validated through scarcity of delamination noticed in the cross-sectional
micrographs in Figure 6.29. It should be noted that the areas associated with the C-scan plots
also showed the pattern of the fibre architecture, where the undulations of the intralayer fibre

hybrid 2x2 twill weave were noticed in Figure 6.32b.
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Figure 6.32: Representative C-scans for interlayer fibre hybrid T700 carbon/S2-glass bonnet
experimental impacts: (a) 15J, (b) 20J

6.5. Quantifying the numerical model’s accuracy

By quantifying the peak loads and maximum deflections throughout the range of the structural
bonnet tests, the numerical models’ effectiveness could be discussed. Figure 6.33 and Figure
6.34 present the structural bonnet impact peak loads per unit mass for each bonnet at 15J and
20J impact events respectively. It was interesting to notice that the 20J impact models showed
closer correlation to the experimental data than the 15J counterparts, although due to lost
data of three of the intralayer fibre hybrid T700 carbon/Vectran bonnets (due to the manual
triggering and timing fault in the drop tower software), a good amount of scatter was not
possible (see Figure 6.27 and Figure 6.28). Good correlation was noticed in the peak loads
recorded between the numerical model and the experimental testing, which was consistent
with the material properties and boundary conditions having been modelled correctly. Given
the complexity of the resonant frequencies affecting the structural response of the system, the

accuracy of the virtual strain gauges compared to the experimental strain gauges in the
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previous section confirms that the material properties and boundary conditions were correctly

numerically modelled.
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Figure 6.33: 15J structural composite bonnet impact, peak load per unit mass
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Figure 6.34: 20J structural composite bonnet impact, peak load per unit mass

The maximum deflection was quantified in Figure 6.35 and Figure 6.36, where good correlation
was noticed between the numerical model and the experimental data. The numerical models
showed lower deflection than that in the experiments across all test regimes which was

attributed to the more compliant experimental boundary conditions, since the steel test fixture
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was modelled as rigid points in the model. The maximum deflections quantified from the
numerical model are conservative (since the compliance of the test rig was not modelled), since

the boundary conditions are rigidly fixed (and thus less compliant than the experimental test

rig).
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Figure 6.35: 15J structural composite bonnet impact, maximum deflection per unit mass
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Figure 6.36: 20J structural composite bonnet impact, maximum deflection per unit mass
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6.6. Summary

The research presented in this Chapter continues development from the in-plane, interlaminar,
translaminar, and low velocity properties determined in Chapters 3, 4, and 5 to accurately
numerically model low velocity impact events that compared well to the experimental testing
of a reduced scale Bentley Continental car bonnet. A novel test-rig was developed and proved
successful in providing quantifiable boundary conditions for the numerical model. The
numerical model was seen to capture the elastic response of the system reliably, across two
discrete energy levels. The interlaminar and translaminar failure modes were also captured,
where interlaminar damage did not initiate (except for one anomaly in the interlayer fibre
hybrid), and minimal compressive fibre fracture captured on the bonnet surfaces. The
numerical model assumed rigid boundary conditions at the fixture points to the bonnet
(although free rotation in given axes), which may have been the cause for the initial
underdamped load response curve for the interlayer fibre hybrid T700 carbon/S2-glass

numerical model, requiring Rayleigh damping to compensate.

Strain gauge data captured during the experimental impact compared well to virtual strain
gauges within the numerical model given the complexity of the system. The utilisation of the
Abaqus VUMAT subroutine proved successful since the structural component was modelled
and compared well to the experimental testing. This novelty within the field shows a promising
application for the modelling approach used in full-scale structural component testing,
particularly concerning fibre hybrid composites, which exhibit a superior combination of
structural and impact resistant properties compared to their monolithic composite

counterparts.
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Chapter 6 publications and dissemination:
e Invited webinar presentations:
o T. Katafiasz, “Bridging Characterization and Simulation: Materials
Information Needs for Design,” in Granta Webinar, Cambridge, UK, 2017
[16]
o Conference oral presentations:
o T. J. Katafiasz, “Development of a Novel Compact Tension Specimen for
Fibre Hybrid Composites,” in CompTest 2017: 8th International Conference

on Composites Testing and Model Identification, Leuven, Belgium, 2017 [15]
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7. Discussion

7.1. Introduction

The research topics explored in this thesis are as follows:

i.  The in-plane and interlaminar characterisation of interlayer and intralayer fibre hybrid
composites, and their monolithic composite counterparts (Chapter 3).

ii. =~ The development of a novel Compact Tension specimen to mitigate premature
compressive failure, hence determining the translaminar fracture toughness of the fibre
hybrid composites (Chapter 4).

iii.  Successfully employing an existing energy-based bilinear plane stress Abaqus VUMAT
subroutine in numerically modelling the fibre hybrid composites, correlating accurately
to low velocity experimental impact tests (Chapter 5).

iv.  The development of a novel test rig for low velocity impact testing of a reduced scale
Bentley Continental car bonnet, thus providing insight into the use of the Abaqus
VUMAT subroutine for structural impact modelling of fibre hybrid composites
(Chapter 6).

The following section discusses the key findings, the relationship between the different results,
and their context regarding the background literature. The study’s advancements as well as

limitations regarding the testing, numerical modelling, and material selection are also

discussed.

7.2. Key findings

The base level experimental testing provided coherent and specific mechanical properties for
the materials tested. The successful numerical impact modelling in the latter two Chapters of
this thesis is underpinned by the relevance and accuracy of the in-plane, interlaminar, and

translaminar material properties measured in Chapters 3 and 4.

The tensile, compression, and in-plane shear testing proved highly repeatable with low levels
of scatter within both the monolithic composite and fibre hybrids. The interlayer fibre hybrid
T700 carbon/S2-glass tensile properties provided experimental indication of a rule of mixtures,

where both the modulus of the hybrid was between those of its monolithic composite
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counterparts. Linear [57] and bilinear [64] theoretical rule of mixture calculations used to
estimate the interlayer and intralayer fibre hybrids tensile modulus and strength proved
inaccurate. The same level of deviation between the experimental and theoretical values were
however corroborated experimentally by Ribeiro et al. [64] and others [62], [65]. Regarding
the interlayer fibre hybrid T700 carbon/S2-glass, the theoretical rule of mixture discrepancies
were likely due to the alternating layup of the carbon spread tow plies, where previous research
had suggested that alternating spread tow carbon fibres within interlayer fibre hybrid
composites improved the tensile performance [55], [56] and also the penetration resistance [101].
This can be attributed to the suppression of fibre cluster breaks across multiple same-fibre
type plies due to the alternating interlayer stacking sequence, where any fibre fracture would
be limited to one ply layer growth [55]. Regarding the intralayer fibre hybrid T700
carbon/Vectran, the T700 carbon tensile data used for the rule of mixtures calculations was
idealised and taken from the monolithic T700 carbon spread tow composite test data, and thus
did not consider the crimp within the 2x2 twill weave of the fibres. This fibre crimp resulted
in poor in-plane tensile and compressive moduli and strength. Of the materials tested, the
monolithic Vectran composite provided the lowest compressive modulus and strength due to
the kinking of the fibres at a microscopic level and thus proved to be highly matrix dominated
by presenting a similar strength to the monolithic MTMS57 resin. It also presented a non-
linear response in both compression due to the kinking of its fibrillous microstructure and in
tension due to the fibre crimp. This phenomenon also manifested in the tensile response of
the intralayer fibre hybrid T700 carbon/Vectran, where the fibre crimp caused by the weave

architecture at a macroscopic scale resulted in a non-linear in-plane load response.

The volume fraction measurements of the fibre hybrid composites showed low scatter whilst
employing a TGA (Thermogravimetric Analysis) burn-off method that was further
corroborated by analytical microscopy of the through-thickness cross-section. A drawback of
the TGA analysis manifested where the unit cell of the intralayer fibre hybrid T700
carbon/Vectran weave proved to be too large for the maximum specimen size of the furnace.
The analytical microscopy of the intralayer fibre hybrid T700 carbon/Vectran presented
reasonable fibre to fibre volume fractions of 0.43 carbon to 0.57 Vectran, where the 2x2 twill

weave idealistically contained equal tow volumes for each fibre type.
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The interlaminar fracture of the fibre hybrids presented high levels of scatter, namely due to

the varying 0° to 90° carbon fibre direction resulting from the plain weave architecture of the

carbon spread tow. This manifested from the mid-plane 0°/90° carbon ply splitting and
effectively becoming a carbon to carbon interface, rather than a carbon to glass interface. The
intralayer fibre hybrid T700 carbon/Vectran presented higher interlaminar fracture toughness
compared to that of the interlayer fibre hybrid T700 carbon/S2-glass in both Mode I and Mode
II. This was due to the high level of fibre bridging within the Vectran [56] for the Mode I
toughness, as noted in the post-test micrographs. The large undulations caused by the 2x2
twill weave (prohibiting interply fibre nesting and resulting in a tortuous crack path) accounted
for the increased Mode II toughness within the intralayer fibre hybrid T700 carbon/Vectran
[72], [73].

Translaminar fracture testing of the fibre hybrid composites (Chapter 4) was beneficial not
only in the toughness values measured, but it also provided an insight into the failure processes
involved during the low velocity impact testing (Chapter 5). Previous researchers’ Compact
Tension specimen geometries proved to be unsuitable for the materials tested because out-of-
plane buckling and compressive failure occurred, namely whilst utilising the 2TCT specimen
geometry [93]. Previous research had also failed to provide a solution to the out-of-plane
buckling observed when CT testing the S2-glass composite and the fibre hybrid composites.
The NCCT and ENCCT specimens were therefore developed to provide a solution to this
problem, which frequently occurs throughout this field. The toughness values measured using
these specimen geometries provided similar, if not lower, scatter than those acquired through
the use of traditional CT specimens [87], [171], [172]. The interlayer fibre hybrid T700
carbon/S2-glass presented toughness values between its two monolithic composite
counterparts. This rule of mixtures should be noted, and other researchers have also confirmed
this phenomenon [101], [102] for similar interlayer fibre hybrid composites. The intralayer
fibre hybrid T700 carbon/Vectran R-curve provided insight into the translaminar fracture
processes involved in complex interwoven fibre hybrids, where the location of the constituent
materials was seen to affect the fracture toughness at a (micro) local scale. This resulted in
high scatter along the length of the crack during the propagation stage of the R-curve
dependent upon the fibre type at the crack tip. The intralayer fibre hybrid T700

carbon/Vectran presented higher fracture toughnesses than the other materials tested, due to
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the larger pull-out lengths promoted by the 2x2 twill weave architecture. A drawback of the
ENCCT specimen geometry lies in its ability to allow for larger than 10mm x 10mm unit cell
composites, where fibre pull-out would likely extend into the thickened portion of the specimen

and hence alter the perceived toughness values.

The low velocity impact plate experimental testing provided valuable insight into the impact
resistance of fibre hybrid composites. The in-plane, interlaminar, and translaminar material
properties measured during the aforementioned testing proved vital in highlighting the complex
failure modes required for low velocity impact numerical modelling. The monolithic T700
carbon composite presented poor penetration resistance, whereas the monolithic S2-glass
composite did not penetrate at either the 70J or 140J energy level. These responses tended to
be dictated by the translaminar fracture toughness values measured from the NCCT and
ENCCT testing, where larger fibre pull-out lengths (resulting in high fracture toughness
values) led to superior penetration resistance. By alternatingly stacking the T700 carbon and
S2-glass fibre blankets to produce the interlayer fibre hybrid composite, the beneficial energy
absorption capabilities of the monolithic S2-glass composite were achieved. The intralayer
fibre hybrid T700 carbon/Vectran also presented good impact energy absorption properties at
70J, in accordance with the large pull-out lengths of the Vectran fibres noticed during the
translaminar fracture toughness testing. However poor penetration resistance at 140J impact
was noticed due to the high through-thickness fibre crimp angle governed by the weave
architecture, resulting decreased through-thickness shear strength and thus localised shear
plugging. This localisation of through-thickness failure was indicative of a high angle of fibre
crimp resulting in more localised failure (i.e. shear plugging), as highlighted by Potluri et al.

[117).

Commercially available material models do not provide non-linear in-plane shear load response
fitting as well as permanent plastic deformation [109]. The Abaqus VUMAT subroutine
energy-based bilinear plane-stress numerical modelling approach proved successful in capturing
the elastic in-plane and through-thickness response of the fibre hybrid and monolithic
composite laminates, as well as the delamination and back-face tensile fibre fracture from the
interlaminar and translaminar fracture toughness testing respectively. The relative fibre
volume fractions of the interlayer fibre hybrid T700 carbon/S2-glass were measured through

TGA and analytical microscopy and represented in the numerical model, since each material
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ply was modelled as a separate element with a nominal through-thickness. It was clear that
the load responses for all materials tested were suitably within the scatter of the experimental
testing where shear plugging was not apparent. Since the Abaqus VUMAT subroutine used
for the numerical model was two-dimensional (in-plane), the permanent strain criterion did
not account for the through-thickness direction and research by Tan et al. [125] provided a
solution to this by developing a three-dimensional model. Herein lies the drawback of an in-
plane numerical modelling approach, where the shear strength and permanent strain
deformation in the through-thickness direction are not accounted for. An in-plane modelling
approach would not capture the through-thickness shear strength for example, indicative of
the shear plugging within the intralayer fibre hybrid T700 carbon/Vectran plate impacts,

which the numerical model failed to capture.

Regarding the structural bonnet impact testing, in-plane continuum shell numerical modelling
approach proved to be well suited in predicting the overall structural response of the system.
This was quantified through load response curve correlation as well as strain gauge readings.
It was however difficult to quantify the extent of damage associated with what was largely an
elastic response, since the impact velocities were not large enough to produce any meaningful
fibre fracture or delamination. When a higher impact energy of 45J was used, the adhesive at
the fixture points debonded, leading to erroneous results. Due to this, no reasonable in-plane
damage could be captured for numerical modelling to experimental correlation. Aside from
this, the interlayer and intralayer fibre hybrids showed remarkably similar peak loads and
maximum deflections across the two test energies despite their relatively different tensile,
compressive, and in-plane shear moduli. The homogenisation of the material properties for
both the interlayer and intralayer fibre hybrids proved acceptable for structural component
numerical modelling (albeit during a largely elastic impact event), where good correlation was
noted between the load response curves and strain gauge readings. This approach did however
remove the ability to capture any delaminations between these plies however. This finding is
integral to the progression of this particular in-plane numerical modelling approach for full
scale components, where ply-by-ply models would be extremely costly in time and resources.
A local-global numerical modelling approach would be beneficial for full scale componentry
since computational power is currently insufficient to efficiently capture translaminar fracture

throughout a full model, as highlighted by Bogenfeld et al. [109]. A ply-by-ply modelling
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approach would also be inefficient since low velocity impact damage such as debris strike would
be highly localised and unlikely to produce translaminar fracture throughout the whole

component.

Concerning the material selection for automotive components, the interlayer fibre hybrid T700
carbon/S2-glass proved to be the most suitable. This was due to its higher in-plane stiffness
relative to the monolithic S2-glass composite (promoted by the T700 carbon fibres), and
superior low velocity impact resistance compared to the monolithic T700 carbon composite
(due to the presence of the S2-glass fibres). High structural stiffness and strength, as well as
good low velocity impact resistance (such as dropped tool impact or debris strike), are integral
properties for load carrying automotive components. The intralayer fibre hybrid T700
carbon/Vectran utilising a 2x2 twill weave, although providing good drapeability for
component manufacture, and high specific energy absorption, would present issues regarding
compression after impact strength, where studies have shown that high fibre crimp reduces

this [117].

Perhaps the most crucial outcome of this research is the ability to transfer the experimental
testing of fibre hybrid composites presented, along with the numerical modelling approaches,
into full scale industrial components. This work has proved accurate correlation between the
experimental testing and numerical modelling for both interlayer and intralayer fibre hybrids,
through both ply-by-ply interlayer, and homogenised interlayer and intralayer fibre hybrid
material modelling. With ever increasing computation power, the ability to implement these
techniques into larger components and structural models is becoming highly feasible. By
conducting similar experimental and numerical studies on a full scale (1:1) structural bonnet,
the associated natural frequencies would decrease, leading to a wholly different response.
Vibrational analysis through experimentation or numerical modelling would be required to
capture the relevant natural frequencies of the structural system and thus inform the damping
characteristics. The ability to predict not only damage onset, but extent of damage through
numerical analysis (as presented in the preceding chapters), is crucial to optimised component
design. This is the overarching novelty presented in this thesis, since the automotive industry
is increasingly coming under pressure both economically and technologically to utilise not only
monolithic composites but fibre hybrid composites into the structural components of

commercial products.
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8. Conclusions and future work

8.1. Introduction

Fibre hybridisation proved beneficial for the in-plane material properties, where a rule of
mixtures was noticed for the interlayer and intralayer fibre hybrid composites. The
translaminar fracture toughness of the fibre hybrid composites also presented a rule of mixtures
between the T700 carbon and S2-glass in the interlayer configuration. The intralayer fibre
hybrid T700 carbon/Vectran provided insight into the drawbacks of woven composite
translaminar toughness testing, particularly with two or more fibre types, where the local fibre
configuration of the intralayer weave produced large amounts of scatter in the recorded values.
The fibre crimp also reduced the penetration resistance of the intralayer fibre hybrid, making
it a less attractive choice for structural components likely to suffer localised impact damage.
The intralayer fibre hybrid T700 carbon/Vectran did however present large translaminar
fracture toughness values due to the large fibre pull-out lengths noted during the translaminar
testing, resulting from the 2x2 twill weave. The interlayer fibre hybrid T700 carbon/S2-glass
provided the stiffness and impact resistance required for structural applications within
commercial automotive products. Further development of fibre hybridisation for intralayer
configurations would provide insight into their potential use in industrial components, where
automated laydown and drapeability are prioritised manufacturing processes. If these can be
achieved, the benefits of fibre hybridisation can be promoted at a larger scale within the
automotive industry, reducing component mass whilst maintaining a high stiffness, strength,

and impact resistance.

8.2. Conclusions

The main outcomes of the research are summarised as follows:

i.  The experimental testing for the tension, compression, in-plane shear, interlaminar
fracture toughness (Mode I and Mode II), and translaminar fracture provided novel
data for the material systems tested. The Vectran fibres exhibited a non-linear tensile
and compressive response in both the monolithic composite and the fibre hybrid
composite due to the fibre crimp at microscopic and macroscopic scales respectively.

The Mode I and Mode II interlaminar properties of the fibre hybrids were affected by
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il.

iii.

iv.

both the fibrillous nature (resulting in fibre bridging) of the Vectran fibres as well as
the fibre architectures.

Analytical microscopy and the TGA burn-off technique provided volume fraction
measurements for the fibre hybrid composites. Correctly identifying the interlayer fibre
hybrid volume fraction influenced the accuracy of the corresponding impact plate
numerical model, where the thickness for each fibre type was required.

The development of two novel Compact Tension specimens (‘NCCT’ and ‘ENCCT’),
by means of incorporating a curved rear to the standard specimen geometry as well as
a through-thickness notch (pre-cure) to the fracture growth region, allowed for
translaminar fracture measurement without the need for anti-buckling devices. The
successful measurement of the translaminar fracture toughness of the fibre hybrids and
the T700 carbon and S2-glass fibre monolithic composite counterparts were presented,
proving novelty in the field of translaminar testing of materials that exhibit relatively
low compressive strengths compared to tensile strengths. A rule of mixtures was
noticed in the interlayer fibre hybrid T700 carbon/S2-glass translaminar fracture
toughness. The intralayer fibre hybrid T700 carbon/Vectran presented high levels of
scatter in its’ translaminar fracture toughness due to the 2x2 twill weave, resulting in
high levels of fibre pull-out.

Chapter 5 presented the successful employment of an energy-based bilinear plane stress
Abaqus VUMAT subroutine for the low velocity impact numerical modelling of both
interlayer (ply-by-ply interlayer material modelling) and intralayer (homogenised ply
blanket material modelling) fibre hybrid composites and their monolithic composite
counterparts. The presence of the S2-glass fibres prohibited tup penetration in the
interlayer fibre hybrid undergoing low velocity impact, and the intralayer fibre hybrid
exhibited poor through-thickness local impact resistance due to the fibre crimp. The
complex failure modes associated with the fibre hybrid composites were examined
through high speed video capture and by comparing the experimental and numerical
load responses.

The research in Chapter 6 presented the development of a novel test rig for the fixture
of a reduced scale Bentley Continental car bonnet under low velocity impact. The

same energy-based bilinear plane stress Abaqus VUMAT subroutine used for the plate
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impacts was employed for structural testing and exhibited good correlation with the
experimental testing. The homogenisation of the fibre hybrid properties proved
acceptable for component scale modelling but a local-global approach would be needed
to capture ply-by-ply damage. Although the correlation of experimental strain gauges
to virtual strain gauges was already present in the literature, the use of an in-plane
numerical modelling [122] approach for the low velocity impact of fibre hybrid

composite structural components is currently novel in the field.

8.3. Future work

The research presented previously provides opportunity for future developments in the relevant

fields as follows:

ii.

iii.

The failure modes associated with the tensile, compressive, and in-plane shear of the
interlayer and intralayer fibre hybrid composites in Chapter 3 could be interrogated
further by fractographic analysis. Although not a prerequisite for the impact testing
and numerical modelling in Chapters 5 and 6, insight into the microscopic failure
processes could lead to the development of highly optimised fibre hybrid material
architectures, volume fractions, and layup orientations for specific industrial
applications.

The ENCCT specimen provided a fracture toughness measurement for the complex
intralayer fibre hybrid T700 carbon/Vectran composite in Chapter 4, which was
supported through the accurate numerical modelling of the low velocity plate impacts
in Chapter 5. However, the specimen geometry could be improved further. For
example, the in-plane area of the notched region could be enlarged to mitigate fibre
pull-out or interaction with the stress fields of the thickened portion of the specimen.
The length of the crack growth region could also be made longer to allow for longer R-
curves to be measured, hence producing a more comprehensive propagation region.
The interlayer fibre hybrid T700 carbon/S2-glass presented translaminar fracture
toughness values between the two monolithic composite counterparts.  This
phenomenon has been studied for the in-plane material properties, namely tensile, but

also is relatively new within the literature. The ENCCT geometry design now allows
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1v.

vi.

vii.

for fibre hybrid testing without the need for anti-buckling devices, where research can
be made into other fibre types and further insight into the translaminar toughness
hybrid effect for different materials.

The Abaqus VUMAT subroutine employed in the numerical impact modelling in
Chapter 5 presented good correlation with the experimental testing. The strain rate
effect for the ‘kappa’ constant could be made more suitable for the material systems
tested. The subroutine used a fixed rate enhancement of a factor of two, whereas the
literature data for the monolithic S2-glass composite suggested that a rate enhancement
factor of 1.5 would be more suitable. Therefore, the numerical model used could be
further developed to allow for variable rate enhancement factors, depending on the
material being tested.

By incorporating the permanent strain associated with the non-linear in-plane shear
response of the laminates into a three-dimensional numerical model, as proposed by
Tan et al. [187], the indentation post-impact could be modelled across all impact energy
figure figure levels. This would lend to more accurate energy absorption and therefore
provide more suitable post-impact solutions for CAI (Compression After Impact)
modelling.

Shear plugging was observed in the majority of the 140J energy plate impacts. By
experimentally capturing the through-thickness shear stiffness and strength for each
composite, the numerical model could be modified to capture this phenomenon, hence
providing a more robust and accurate solution where higher impact energies are
employed.

By reducing the fibre crimp within the intralayer fibre hybrid T700 carbon/Vectran
composite (through incorporating a lower tow count or alternative weave architecture),
the impact penetration resistance may be improved. The translaminar fracture
toughness was seen to be improved by the large pull-out lengths of this fibre hybrid,

but shear plugging was promoted by the high crimp angles. Further research into the
fibre crimp angles’ effect upon the through-thickness penetration susceptibility would

allow for an optimised fibre hybrid, and also in-turn likely improve the in-plane

structural material properties.
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viii.

1X.

The test rig fixture developed for the reduced scale Bentley Continental car bonnet low
velocity impact testing in Chapter 6 proved to be successful since the fixture points to
the bonnet allowed quantifiably accurate boundary conditions to be characterised in
the numerical modelling. Unfortunately, impact energies higher than 20J proved
unsuccessful. The bonding between the blocks and the bonnet surface failed when a
45J impact energy was used. Future work could incorporate an alternative bonding
adhesive, stronger than the Araldite 2011 2-part epoxy, an alternative end-block design,
or a mechanical joint, where debonding would not occur at such high energy levels.
This would also allow for increased fibre damage for further numerical model and
material property validation.

Finally, although the damping factor of the intralayer fibre hybrid T700
carbon/Vectran bonnet numerical model was found through parametric modelling
(Appendix 10.4), further experimental testing could also be used to validate the value

used.
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10. Appendices

10.1. Numerical model monolithic S2-glass composite impact plate fracture toughness
sensitivity, 140J

SN = O

Deflection (mm)
—Experiments —100kJ/m*> —131.6kJ/m*> —160kJ/m?

Figure 10.1: Monolithic S2-glass composite plate impact at 140J for various fracture
toughness values (131.6kJ/m? used), load versus deflection

SN O

Time (ms)
—Experiments —100kJ/m*> —131.6kJ/m*> —160kJ/m?

Figure 10.2: Monolithic S2-glass composite plate impact at 140J for various fracture
toughness values (131.6kJ/m? used), load versus time
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10.2. Numerical model monolithic S2-glass composite impact plate strain rate ‘kappa’

sensitivity, 140J

S N = O

15

Deflection (mm)
—Experiments —k=10 —k=100 —k=500

Figure 10.3: Monolithic S2-glass composite plate impact at 140J for various strain rate
‘kappa’ values (k=100 used), load versus deflection

Time (ms)

—Experiments —k=10 —k=100 —k=500

Figure 10.4: Monolithic S2-glass composite plate impact at 140J for various strain rate
‘kappa’ values (k=100 used), load versus time
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10.3. Numerical model intralayer fibre hybrid T700 carbon/Vectran impact plate
fracture toughness sensitivity, 70J

12
10

—~

Load (kN

S N e O

Deflection (mm)

— Experiments — 120.0kJ/m? —142.0kJ/m? —154.7kJ/m?

Figure 10.5: Intralayer fibre hybrid T700 carbon/Vectran plate impact at 70J for various
fracture toughness values (Gic=142.0 used), load versus deflection

Load (kN)

Time (ms)

—Experiments —120.0kJ/m? —142.0kJ/m*—154.7kJ/m?

Figure 10.6: Intralayer fibre hybrid T700 carbon/Vectran plate impact at 70J for various
fracture toughness values (Gjc=142.0 used), load versus time
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10.4. Numerical model interlayer fibre hybrid T700 carbon/S2-glass structural

bonnet impact damping factor sensitivity, 20J

0 5 10 15 20 25
Deflection (mm)

—Experiments —z=0 —7=0.15 —7=0.3 —=0.6

Figure 10.7: Interlayer fibre hybrid T700 carbon/S2-glass structural bonnet impact at 20J for
various Rayleigh material damping ((=0.3 used), load versus deflection

Time (ms)

—Experiments —z=0 —7=0.15 —7=0.3 —=0.6

Figure 10.8: Interlayer fibre hybrid T700 carbon/S2-glass structural bonnet impact at 20J for
various Rayleigh material damping ({=0.3 used), load versus time
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10.5. VUMAT material cards

*¥¥xxxxxx* Intralayer fibre hybrid T700 carbon / Vectran
*Material, name=MAT1

** \Jectran/CF

*density

1574.9,

*user material, constants=40

** line 1: elastic constants

** E11, E22, nul2, G12_init, G12_ult

29.82e9, 29.82e9, 0.027, 2.475e9, 9.0e7

* %

** J]ine 2: permanent set constants (must be >=1)

** 11tens, 22tens, 12shear, l1llcompr, 22compr

10.5, 10.5, 10.5, 10.5, 10.5

k%

** line 3: fracture energy per unit area (strain factor for shear)
** glct, g2ct, factl2, glcc, g2cc

142e3, 142e3, 0., 142e3, 142e3

* %

** ]line 4: strength

** xt, yt, sc, xc, yc, interaction flag

671.83e6, 671.83e6, 5.874e7, 165.78e6, 165.78e6, 1

* %k

** 1line 5: compression factors, shear param and failure flag
** xcf, ycf, lambda, kappa, Sc@, fail flag, max dmg, deletion strain
116.08e6, 116.08e6, 24., 0., 1.767e6, 2, 0.99, 2.0

*depvar, delete=9

21,
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¥¥kk***** Monolithic S2-Glass

*Material, name=MAT1

** S2-Glass

*density

1904.6,

*user material, constants=40

** line 1: elastic constants

** E11, E22, nul2, G12_init, G12_ult

22.00e9, 22.00e9, 0.085, 5.68e9, 2.0e8

* %

** line 2: permanent set constants (must be >=1)

** 11tens, 22tens, 12shear, l1llcompr, 22compr

14.0, 14.0, 14.0, 14.0, 14.0

k%

** ]ine 3: fracture energy per unit area (strain factor for shear)
** glct, g2ct, factl2, glcc, g2cc

131.6e3, 131.6e3, 0., 131.6e3, 131.6e3

* %

** Jline 4: strength

** xt, yt, sc, xc, yc, interaction flag

719.77e6, 719.77e6, 8.366e7, 371.81e6, 371.81e6, 1

* %k

** line 5: compression factors, shear param and failure flag
** xcf, ycf, lambda, kappa, Sc@, fail flag, max dmg, deletion strain
116.08e6, 116.08e6, 51., 100., 2.671e6, 2, 0.99, 2.0
*depvar, delete=9

21,
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*¥x®kk**k** Monolithic T700 carbon spread tow

*Material, name=MAT2

** spread tow t700

*density

1532.9

*user material, constants=40

** line 1: elastic constants

** E11, E22, nul2, G12_init, G12_ult

65.11e9, 65.11e9, 0.035, 4.253e9, 2.1e8

* %

** line 2: permanent set constants (must be >=1)

** 11tens, 22tens, 12shear, l1llcompr, 22compr

18.0, 18.0, 18.0, 18.0, 18.0

k%

** ]ine 3: fracture energy per unit area (strain factor for shear)
** glct, g2ct, factl2, glcc, g2cc

33.6e3, 33.6e3, 0., 33.6e3, 33.6e3

* %

** ]line 4: strength

** xt, yt, sc, xc, yc, interaction flag

1183.27e6, 1183.27e6, 114.41e6, 762.00e6, 762.00e6, 1

* %k

** line 5: compression factors, shear param and failure flag
** xcf, ycf, lambda, kappa, Sc@, fail flag, max dmg, deletion strain
116.08e6, 116.08e6, 33.5, 0., 7.388e5, 2, 0.99, 2.0

*depvar, delete=9

21,
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*¥¥kxxxxxx* Interlayer fibre hybrid T700 carbon / S2-glass homogenised
*Material, name=MAT1

** STS2

*density

1772.2,

*user material, constants=40

** line 1: elastic constants

** E11, E22, nul2, G12_init, G12_ult

40.56€9, 40.56e€9, 0.049, 5.569e9, 2.2e8

* %

** line 2: permanent set constants (must be >=1)

** 11tens, 22tens, 12shear, llcompr, 22compr

1.0, 1.0, 1.2, 1.0, 1.0

* %k

** ]ine 3: fracture energy per unit area (strain factor for shear)
** glct, g2ct, factl2, glcc, g2cc

65.3e3, 65.3e3, 0., 65.3e3, 65.3e3

* %

** Jine 4: strength

** xt, yt, sc, xc, yc, interaction flag

661.78e6, 661.78e6, 8.00e7, 466.61e6, 466.61le6, 1

* %k

** 1line 5: compression factors, shear param and failure flag

** xcf, ycf, lambda, kappa, Sc@, fail flag, max dmg, deletion strain
116.08e6, 116.08e6, 50., 100., 4.00e6, 2, 0.99, 2.0

*depvar, delete=9

21,
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10.6. Numerical cohesive interaction cards

*¥rAokkkkxk*x 52-S2 COHESIVE

*Material, name=coh

*Damage Initiation, criterion=QUADS

8.007e+07, 8.007e+07, 8.007e+07

*Damage Evolution, type=ENERGY, mixed mode behavior=POWER LAW, power=1.5
1150.,2430.,2430.

*Density

1202.8,

*Elastic, type=TRACTION

2.68+09, 5.68e+09, 5.68e+09

*¥¥kkkkk*k ST-S2 COHESIVE

*Material, name=coh

*Damage Initiation, criterion=QUADS

8.007e+07, 8.007e+07, 8.007e+07

*Damage Evolution, type=ENERGY, mixed mode behavior=POWER LAW, power=1.5
800.,1200.,1200.

*Density

1202.8,

*Elastic, type=TRACTION

2.68e+09, 5.569e+09, 5.569e+09

kAkkAkAx** VCF COHESIVE

*Material, name=coh

*Damage Initiation, criterion=QUADS

8.007e+07, 8.007e+07, 8.007e+07

*Damage Evolution, type=ENERGY, mixed mode behavior=POWER LAW, power=1.5
1750.,2500.,2500.

*Density

1202.8,

*Elastic, type=TRACTION

2.68e+09, 2.475e+09, 2.475e+09
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FrkxAKAKEX ST T700 COHESIVE
** Damage evolution values taken from:
* %
** Mode I, Mode II, and Mixed Mode Interlaminar Fracture of Woven Fabric
** Carbon/Epoxy (1997)
** Alif, Nidal
** Carlsson, Leif
** Gillespie, John
*Material, name=coh
*Damage Initiation, criterion=QUADS
8.007e+07, 8.007e+07, 8.007e+07
*Damage Evolution, type=ENERGY, mixed mode behavior=POWER LAW, power=1.5
700.,1030.,1030.
*Density
1202.8,
*Elastic, type=TRACTION

2.68e+09, 4.253e9, 4.253e9
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10.7. Bonnet rig test fixture drawings

end block (4x off)

back fixture (4x off)

base plate (1x off)

front fixture (1x off)
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Front fixture (1x off). All dimensions in mm
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Back fixture (4x off). All dimensions in mm
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Base plate (1x off). All dimensions in mm
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End block (4x off). All dimensions in mm:
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