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Abstract
The University of Manchester
Zijie WU
Doctor of Philosophy
Damage Tolerance Study of Carbon Fibre/RTM6 Composites Toughened with
Thermoplastic-coated Fabric Reinforcement
December 27, 2015
RTM6 has for more than 20 years been the main commercial epoxy system for infusion
processing qualified by the aerospace industry. In common with other aerospace-grade epoxy
systems RTM6 is mechanically strong but brittle, producing carbon-fibre (CF) composites with
relatively low impact resistance and damage tolerance. This thesis reports an approach to
toughening epoxy-CF composites without modification of the resin. Thus, a T300 carbon
fabric (ES-fabric) coated with 20 weight % of a poly (aryl ether ketone) (PAEK) was used to
toughen the composite. The initial stage of the study was the manufacturing process. DSC
and oscillatory-shear rheology were used to determine flow times and cure conditions, and to
produce laminates with fibre volume fractions ≥55% a hybrid resin infusion/hot-press process
was developed. Dynamic mechanical thermal analysis also showed that the PAEK coating
produced relatively little plasticization of the epoxy matrix, with values of the matrix glass
transition temperature shifting from 186±4.4 to 181± 1.4 ºC when using the ES-fabric. The
main body of the study focussed on the toughening effect afforded by the PAEK coating relative
to an uncoated fabric system as a reference. Mode I and Mode II interlaminar fracture
toughness behaviour were studied using dual cantilever beam (DCB) and four-point end-notch
flexure (4ENF) tests, respectively. The measured mode-I fracture energy, GIC, increased
three-fold, from 216 ± 7.2 Jm-2 to 751 ± 105 Jm-2, due to the toughening effect of the PAEK
coating; whereas the mode-II fracture energy, GIIC, increased almost four-fold from 857 ± 99
Jm-2 to 3316 ± 372 Jm-2. Damage resistance was studied using low-velocity impact testing
and damage tolerance using a miniature compression-after-impact (CAI). A comparative
study of damage tolerance was performed using open-hole compression (OHC) testing. The
impact damage resistance significantly improved with the use of the PAEK-coated ES-fabric
as well as the CAI and OHC behaviour. Impact testing showed the PAEK -toughened system
exhibited higher energy abortion than the untoughened system, larger damage area was created
in the T300/RTM6-2 after impacted with same energy. The CAI results indicated that the
normalized CAI strength is major related that damage width rather than other factor. OHC
results are predicted by using W-N criteria, for ES/RTM6-2: ASC a0 = 9.35 mm and PSC d0 =
2.72mm; whereas for T300/RTM6-2: ASC a0 = 7.95 mm and PSC d0 =2.43 mm, indicates that
the compressive strength of T300/RTM6-2 is more sensitive to the size of the hole, thus
ES/RTM6-2 perform better damage tolerance. The results from mechanical testing indicate
that the PAEK coating toughened the composite system and significantly improved damage
tolerance. Scanning electron microscopy indicated that these improvements in fracture
behaviour were due to morphological changes induced by the PAEK coating in the matrix-CF
interfacial region, where such changes can provide the maximum benefit. Small particles of
RTM (approximately 1 µm in diameter) were observed imbedded within a continuous PAEK
phase. Thus, during testing crack propagation was deflected (or bifurcated) by the RTM6
particles or stopped by shearing of the continuous PAEK phase of this multiphase region. This
morphology is proposed to have formed in the interfacial region during processing by
dissolution of the PAEK coating within the matrix resin system, followed by reaction-induced
phase separation and then phase-inversion as the matrix cures.
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CHAPTER 1
INTRODUCTION
1.1 Background
Advanced polymer composite materials contain high-performance fibre reinforcement
such as S-glass, Kevlar and in particular carbon (to produce carbon fibre-reinforced
polymer, CFRP, composites). [1] CFRP composite materials are widely accepted by the
aerospace industry, mainly because they have low density resulting in outstanding specific
mechanical properties. [2, 3] RTM6 has been the main commercial epoxy system for
infusion processing qualified by the European and USA aerospace industry for more than
20 years. [4] Due to the highly crosslinked nature of aerospace-grade epoxy resins, an
RTM6 matrix is mechanically stronger than a thermoplastic matrix, but also exhibits a
lower impact damage resistance performance [5].

Incorporating a thermoplastic

component into the matrix to form a separate dispersed phase is a traditional approach to
improve the toughness of carbon fibre-epoxy composites. [6] However, the viscosity of
an epoxy resin system increases significantly when a high molecular weight thermoplastic
toughening component is introduced causing problems in traditional infusion processing
such as resin transfer moulding and resin infusion. To address this problem, Cytec
introduced a new pre-preg toughening technology called Priform, which commingled the
reinforcing fibres with soluble toughening fibres, which dissolved in the (untoughened)
epoxy resin during moulding to form a toughening dispersed phase [7]. However, Priform
pre-pregs are complex and expensive to produce. As an alternative, Yi et al introduced
the concept of “ex situ” toughening which uses relatively simple web-coating techniques
to apply a thermoplastic coating to both sides of a carbon fibre fabric to produce an ES
fabric™ (ES for the “ex situ” concept). The result is that the matrix interlayer (between
layers of reinforcement) is specifically toughened, giving the composite higher damage
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resistance (reduced formation of damage) and damage tolerance (greater retention of
mechanical properties in a damaged composite) [8, 9]. The ES technique was developed
specifically to increase the toughness of composites produced by dry-fabric processing for
aerospace applications, and preliminary experiments confirmed that the ex situ RTM
toughening technique worked well with RTMable low viscosity, untoughened epoxy (EP),
bismaleimide (BMI)[8, 9], and polybenzoxazine (PBO) resins.[10] As RTM6 is the main
commercial epoxy resin system in aerospace for infusion processing, it is to the aim of this
study to investigate the mechanical properties and toughening mechanisms of ES
fabric/RTM6 systems.
This study is a report of research work undertaken at the National Composites Certification
and Evaluation Facility (NCCEF) within the Northwest Composite Centre of The
University of Manchester, in collaboration with the Beijing Institute of Aeronautical
Materials and the Aviation Industry Corporation of China (BIAM, AVIC).

ES

fabric/RTM6 composites were produced using a unidirectional carbon fibre (T300) fabric
coated with a proprietary PAEK (poly (aryl-ether-ketone) fabric and studied in comparison
to uncoated T300/RTM6 composites as a reference.

RTM6-2 resin properties were

characterized by DSC, Rheological study, and the Tg was measured by DMTA. Studies
on damage resistance, damage tolerance were carried out using a series of mechanical tests
(Mode-I and Mode-II Interlaminar fracture, drop-weight impact testing, compression after
impact, open hole compression) to assess the facture toughness, damage resistance and
damage tolerance together with non-destructive testing (NDT) and scanning electron
microscopy (SEM) used to study the effect of ES-toughening on the damage generated.

1.2 Aims and Objectives
This study aimed to determine the effects of the ES coating technique on the damage
resistance and damage tolerance behavior of unidirectional T300 carbon fabric/RTM6
systems and the following objectives were identified:
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Studying the properties of the newly-released RTM6-2, in order to ensure that its
processing and thermal properties are the same as the original RTM6 system.



Manufacture composite samples using resin infusion with carbon fibre volume
fractions ≥55%, in order to approach the level for aerospace applications.



Investigation of the toughening effects of ES fabric/RTM6 system on interlaminar
fracture toughness, damage resistance and damage tolerance, compared to the
untoughened system of uncoated fabric/RTM6.

1.3 Outline of Thesis
Chapter 2 is a literature review of previous studies in the relevant research field. The first
part covers the matrices and reinforcements used for CFRP aerospace composites: epoxy
resins and carbon fibres; and the second part covers the toughening of polymer-fibre
composites, including different toughening methods and their effect.
The materials and experimental techniques are presented in Chapter 3.

Firstly, the

materials used in this study and their properties are presented. Secondly, the overview of
experimental design is discussed. The third section describes the characterisation methods
and the equipment used for this study, including thermal analysis, rheological testing,
mechanical testing, non-destructive testing (NDT) and scanning electron microscopy
(SEM).
Chapter 4 presents the experimental’’ results and discussion. The first part describes the
results from composite processing which related to the quality of testing samples. The
chapter then focuses on the mechanical properties of toughened and non-toughened
composites in terms of damage resistance and damage tolerance.
Finally, the summary and conclusion of this investigation, as well suggestions for future
work are given in Chapter 5.
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CHAPTER 2
LITERATURE REVIEW
2.1 Composites
2.1.1 Introduction to Composite Materials
Composite materials are made from a combination of two (or more) constituent materials
with significantly different physical or chemical properties and have superior properties
than either of the constituents. [11]

Engineering composites typically fall into one of

three categories, polymer matrix composites (PMC), metal matrix composites (MMC) [12]
or ceramic matrix composites (CMC).

All three types of composites have commercial

applications, however PMCs are applied in the aerospace, automotive, military, marine,
biomedicine and sports industries. [13] Generally, fibre reinforcements carry the load,
the continuous matrix holds the fibres in place (to form the structure) and protects them
from environmental damage such as humidity or chemicals.
The properties of a composite are determined by its constituents, and dominated by fibre
volume fraction 𝑉𝑓 , fibre orientation and fibre length.

The rule of mixtures (parallel

model) [12, 14-16] is a simple method to express the strength and, as shown below, the
modulus of a composite:
𝐸𝑐 = 𝜂𝑙 𝜂𝑜 𝐸𝑓 𝑉𝑓 + 𝐸𝑚 (1 − 𝑉𝑓 )

(2.1)

Where, 𝐸𝑐 , 𝐸𝑓 and 𝐸𝑚 are the moduli of the composite, fibres and matrix, respectively,
𝜂𝑙 is the fibre length correction factor, 𝜂𝑜 is s the fibre orientation correction factor and
𝑉𝑓 is the fibre volume fraction. For continuous fibres, the fibre length correction factor,
𝜂𝑙 ≈ 1.0.

The fibre-matrix interface behaviour and the fibre geometry is neglected in

this simple equation.

Continuous filament composites are generally anisotropic, as a
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result, the mechanical properties are orientation dependent.

2.1.1.1 Reinforcement
Fibres are the principal constituent in fibre reinforced composites.

It is important to select

the correct fibre type, fibre volume fraction and fibre orientation as they take the major
portion of the load applied to a composite structure.

Moreover, the following factors of

a composite are affected by the selection process [17]:
•

Density.

•

Tensile strength and modulus.

•

Compressive strength and modulus.

•

Fatigue strength and failure mechanisms.

•

Electrical and thermal conductivities.

•

Cost.

The most common fibre types used in polymer composites are glass, aramid and carbon
fibres.

Natural fibres, boron fibres and ceramic fibres are also used, but to a much lesser

extent. [14] Glass fibres (GF) are widely used in commercial FRPC due to their low cost,
high chemical resistance, high tensile strength, high impact resistance and excellent
electrical and thermal insulating properties.

However, the disadvantages of GF are their

relatively high density, low tensile modulus, high hardness, sensitivity to abrasion during
handling and inferior fatigue properties. [18]

Aramid fibres are highly crystalline

aromatic polyamide fibres with stiffness and strength intermediate between that of GF and
carbon fibres (CF).

The lowest density and the highest tensile strength to weight ratio

among the common fibres is their key advantage. [14]

CF are the most widely used

reinforcement in high performance composite structures, especially in the aerospace
industry.

They are commercially available with the tensile modulus range from 207 to

1035 GPa [17].

The low modulus fibres are generally of lower density, higher tensile and

compressive strength and higher tensile strain to failure than the high modulus fibres, and
are also lower in cost. The main advantages of CF are their high tensile strength to weight
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ratio (specific strength), tensile modulus to weight ratio (specific modulus), very low
coefficient of linear thermal expansion, high fatigue strength and high thermal conductivity.
The disadvantages of CF are low strain to failure, low impact resistanceand high cost. CF
are used in applications such as sporting equipment, automobile, military and commercial
aircraft where weight saving is considered more critical than the cost.

CF are produced

as a combination of amorphous carbon and graphitic carbon with the carbon atoms
arranged in inter-connecting regular hexagons as shown in Figure 2.1[17, 19].

The

carbon atom in this arrangement are 1.42 Å apart and the distance between the adjacent
planes is 3.4 Å.

The carbon atoms in each plane are bonded with strong covalent bonds

whereas the bonds between the planes are weak van-der-Waals type.

Figure 2.1 - Carbon fibre structure and its atomic arrangement. [17, 19]
The majority of the strength and stiffness of a polymer-fibre composite is provided by the
fibres, which is the main load bearing constituent. CF are widely used in the aerospace
industry due its high strength and stiffness properties. However, in order to impart good
impact resistance to a composite the fibres should have ability to store energy elastically,
which CF do not extensively[20]. In contrast, E-GF have a good ability to absorb energy
elastically, approximately three times greater than CF, and the mechanical properties of
Aramid is between GF and CF [14]. Accordingly, in the literature GF or Aramids are
added to CF composites to improve impact resistance[21, 22]. However, this increases
the design complexity in hybrid composites due to the modulus mismatch between the
fibre types.
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2.1.1.2 Polymer Matrices
Both thermosets and thermoplastics are used in manufacturing of fibre reinforced polymer
composite (FRPC).

Thermoplastic polymers consist of long, individual molecular chains

(Figure 2.2 (a)) with strong intra-molecular covenant bonds and weak inter-molecular
bonds.

Thus, they can be heated into a deformable plastic state, formed into a shape, and

re-solidified upon cooling[23].

The main advantages of thermoplastics over thermosets

in FRPC are their reformability, which results in ease of joining and repair and: [17, 24,
25]
•

Unlimited shelf life at room temperature.

•

Shorter processing times.

•

Ease of handling due to no tackiness.

•

Can be easily recycled.

Manufacturing of composites with a thermoplastic matrix is complex and more difficult
compared to thermosetting resins, the reasons including:
•

High viscosity results from a high glass transition temperature.

•

Difficult for fibre wet-out.

•

Requirement of much higher curing temperature and pressure, which impacts
negatively on the additional greater requirements of manufacturing equipment and on
the capability of vacuum bagging materials.

Figure 2.2 - Schematic representation of the molecular-structure of polymer matrices.[17]
Thermoset resins initially consist of relatively low molar mass reactants, such as monomers
or pre polymers, which polymerise as the system is heated up to form a rigid, glassy and
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intractable highly-crosslinked 3-dimensional network polymer (Figure 2.2 (b)).

In

general, the main advantages of thermosetting polymer matrices are:
•

Resistance to heat and can maintain properties at high temperatures.

•

Excellent adhesion to reinforcement.

•

Tailored elasticity.

•

Excellent resistance to solvents and corrosives.

•

Reduced creep/stress relaxation.

•

Excellent finishing of composites surface.

It is extremely important to achieve fibre-matrix interaction through fibre surface wetting
to achieve good mechanical performance.

Because of the relatively low initial viscosity

of thermosetting resins, reinforcement impregnation can be achieved without either high
temperature or pressure, which is a major advantage compared to thermoplastic polymers.
However, they can exhibit the following disadvantages [17, 23]:
•

Low shelf life at room temperature.

•

Long processing time.

•

Low strain-to-failure.

•

Once polymerised, cannot be remoulded or reshaped. Therefore cannot be repaired
easily.

•

Difficult to recycle.

2.1.1.3 Composite Manufacturing
Prepreg moulding and resin transfer moulding (RTM) are the most common techniques for
advanced composite manufacturing.

Typically prepreg consists of a single layer of fibres,

unidirectional or woven, embedded in partially cured thermosetting resin.

In the case of

unidirectional prepreg, dry fibres are fed from creels through combs where the fibres are
spread out and then enter into a wet resin bath.

The wetted fibres are then heated to

partially cure the resin which helps to keep the fibres in the form of flat sheets.

A paper
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backing sheet is applied for the purpose of handling.
below -18 °C.

The prepreg is then rolled and stored

Prepregs can be manufactured by hot-melt impregnation, resin film

cooling or solvent impregnation[11].

Pre-pregs are typically laid up in pre-determined

configuration on a single plate mould, covered with a vacuum bag and cured under applied
heat and pressure in an autoclave or a press.

Alternatively, they may be cured under

vacuum-only pressure in an oven.
In RTM, the resin is injected into a dry fibre preform inside a closed tool.

The resin is

usually injected at the lowest point of the mould cavity with an injection pressure ranging
from 69 − 690 kPa [17].

The entrapped air is displaced through an air vent as the resin

flows though the fibre preform.

Components made by RTM have very good surface

finish as the component is sandwiched between the tool faces.
Resin infusion (RI) is a cost-effective way of manufacturing aerospace parts without the
investment in autoclave equipment. [26]

RI was developed from RTM but relies on

vacuum-only pressure to force the resin into the fibre preform.

The lack of applied

pressure results in a lower fibre volume fraction, 50-55 % compared to 57-60 % fibre
volume fraction with RTM [17].

The main advantage of RI is that the tooling is less

expensive if single-sided tooling is adequate, but a smooth surface can then only be
achieved on the tool side.

To achieve a good impregnation of the preform a resin

viscosity of <0.1 Pas is often preferred[11].

2.1.1.4 Composite Curing
The curing of composite can be categorized into two types: autoclave curing and out-ofautoclave curing.
Autoclave curing
In the aerospace industry, autoclave curing is commonly used to achieve high quality
composite components with low void content and high matrix Tg. [27]

Autoclves can be

as large as 3 m in diameter and 50 m in length. [28] A schematic of a typical autoclave is
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shown in Figure 2.3. The technique can be viewed as a pressurised oven, by which
preforms are vacuum bagged and cured under a relatively high pressure (4 - 7 bar) at
temperatures ranging from 120 to 180ºC for typical epoxy prepregs [29]. The high
pressures provide ply compaction, remove any excess resin (to increase the fibre volume
fraction) and suppress void formation [27], thus creating better quality composite
laminates. It is possible to control the void contents under 1% by increasing of pressure
and temperature [30-32]. Although autoclave curing provides high quality composites,
industries are beginning to move away from this technique because of its high costs and
extended processing times. Autoclaves are usually pressurised with inert gases such as
nitrogen in order to minimise the risk of fire within the autoclave during cure, which also
increases the costs [27]. A further cost is associated with the curing time as autoclaves
are only capable of heating at 2–3°C min-1 [33] which results in an extensive cure cycle,
usually lasting several hours.

A third consideration is the large capital cost of the

equipment as, due to the pressures involved, expensive cylindrical pressure vessels are
required[29].

Figure 2.3 - Schematic of an autoclave.[27]
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Out-of-Autoclave Curing
The main benefits of out-of-autoclave curing technologies are the reductions in cure cycle
time as well as overall costs (including purchase, operational and tooling costs) [34].
Some of the curing techniques that have been studied include oven curing [35] electron
beam curing [36] and microwave curing [37-40]. A significant challenge for the industry
remains the use of oven curing to produce high specification composite components.
Although there are ‘out-of-autoclave’ grade prepregs commercially available, the lack of
external pressure during cure limits the minimum achievable void content to 2%, therefore
restricting their applications [35].

2.1.2 Composites for Aerospace Applications
The majority of CF reinforced composites are used in military and commercial aircraft
structural applications, in which weight reduction is critical due either to the higher speeds
requirements or increased payloads. Composites exhibit high specific strength compared
to many other materials. [41] The first generation of composites introduced to aircraft
construction in the 1960s and 1970s employed brittle epoxy resin systems leading to
laminated structures with a poor tolerance to low-energy impacts caused by runway debris
thrown up by aircraft wheels or the impacts occurring during manufacture and subsequent
in service operation. Although newer toughened epoxy systems provided improvements
in this respect, damage tolerance is still an issue. The upper service temperature of typical
aerospace composites produced using epoxy prepregs is about 120 °C, although the real
service temperature is 180°C [41, 42].

This is due to the moisture absorption of epoxy

resins and the resultant reduction of strength properties at elevated service temperatures.
Aerospace composites also require high impact resistance and damage tolerance, due to
impact damages caused by hail stones, bird strikes or tool dropping during manufacturing
and maintenance etc.

Damage tolerance of aerospace CF composites is typically

determined by measuring compression strength after impact (CAI) and open-hole
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compressive (OHC) strengths [2, 3].

In summary, a composite matrix with high fracture

toughness should correlated to good damage resistance and damage tolerance, and are
preferred in aerospace applications.

2.2 Damage Tolerance of Composites
2.2.1 Interlaminar Fracture Toughness (ILFT)

Figure 2.4 - Sources of out-of-plane stressing from load-path discontinuity.[43]
Delamination or interlaminar fracture is the predominant failure mechanism in laminate
composites, which may occur due to in-service impact or prior to service due to nonoptimised curing and/or introduction of contamination during the manufacturing process.
[44] In addition, three dimensional interlaminar stresses that develop at stress-free edges
of discontinuities such as free-edges, notches, ply drop-offs, bonded joints and bolted joints
(Figure 2.4) can also result in delamination.

Failure to detect delamination may result in

catastrophic failure due to the large reduction in composite stiffness and strength [45].
Interlaminar fracture behaviour can be explained by fracture mechanics.

There are three

modes of loading in this approach, where a pre-crack is allowed to propagate (Figure 2.5).
This thesis are mainly focused on the study of mode-I and mode-II behaviour of composites.
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Figure 2.5 - Schematic of the three modes of interlaminar fracture. [46]
As shown in Figure 2.5, mode I is crack opening, and is the most common approach to
quantify the ILFT of composite materials.

In mode I testing, fracture toughness is

determined at two stages, initiation and propagation.

GIC- initiation is the fracture energy

required to initiate a mode I crack and GIC- propagation is the fracture energy required for the
initiated crack to propagate in the composite laminate.

In previous studies ( for example

[44]) these values are typically presented as a function of crack length and this curve is
termed an R-curve (Figure 2.6[47]).

Figure 2.6 - R-curve response highlighting the GIc−Int and GIc−Prop of carbon/epoxy
composite specimens. [47]
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Figure 2.7 - Measured GIIc vs. calculated GIIc; HTA, IMS, and IM7 are different grades of
carbon fibres and 914, 920, 924 and 8552 are deferent grades of epoxy resin systems. [48]

Figure 2.8 - Comparison of experimental values of critical impact load (Fi) for bidirectional
composites with those predicted by equation (2.3). Vf is the fibre volume fraction in the
composite. [49]
Mode II ILFT is in-plane shear (Figure 2.5).

Often, GIIC-initiation solely determines Mode
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II ILFT whereas both GIC- initiation and GIC- propagation are usually considered in Mode I.
Three-point bend [44] and four-point bend end-notched flexure (3-ENF and 4-ENF
respectively) tests [50-52] are the most common methods to determine GIIC-initiation.
Mode-II is a matrix dominated failure [53] and thus the results depend highly on the matrix
volume fraction [54] and the resin-rich zone between reinforcement layers[54, 55].
Davies et al.[54] reported that Mode-II ILFT rises with matrix volume fraction which
results from the increase of the resin-rich zone between fibre layers.

They suggested that

this allows plastic deformation over a larger resin volume.
Aerospace composite structures are sensitive to external damage during service.

Low

velocity impacts such as tools dropped during assembly, hail stones and bird strikes during
flight are relatively common.

Structural failure occurs depending on the severity of the

delamination resulting from a crack caused by an impact [56].
the typical delamination modes during impact and CAI.

Mode-I and Mode-II are

Literature indicated that mode-

II is the primary mode of delamination in impact [44, 57-59]. Davies and Zhang[58] found
a correlation between the critical impact load (Pc) and mode-II fracture energy (GIIc), using
the isotropic axisymmetric assumption, the energy release at the boundary of a central
circular delamination is given by Equation (2.3):

𝐺𝐼𝐼𝑐

9𝑃𝑐2 (1 − 𝑣 2 )
=
8𝜋 2 𝐸𝑡 3

(2.2)

where 𝐸 is the composite modulus, 𝑣 is the Poisson’s ratio, and t is the specimen
thickness. The critical impact load (Pc) corresponds to each specific impact test or energy,
so that Pc is different for different impact energy.
untypically the delamination radius does not appear.

This is a remarkable formula in that
It can be inverted and substitute the

critical energy release rate 𝐺𝐼𝐼𝑐 the critical threshold force for instant delamination is
given by Equation (2.3)
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𝑃𝑐2 =

8𝜋 2 𝐸𝑡 3
𝐺
9(1 − 𝑣 2 ) 𝐼𝐼𝑐

(2.3)

Cartiéet al [48] investigated CF/epoxy composite laminates using this model, they have
taken the critical impact load (Pc) from the original impact force-time data/ plot, then
calculated the 𝐺𝐼𝐼𝑐 by Equation (2.3), and found a very good fit to the model with their
experimental GIIc data as shown in Figure 2.7.

Similarly, Davallo et al. [49] also used this

model to predict critical impact load (Fi), as shown in Figure 2.8.

However, the predicted

values for thicker composites exceeded the experimental values by a factor of about two.
Although no correlation between mode-I ILFT and impact is found in the literature, it is
expected that mode-I failure generally occurs during CAI due to sub-laminate buckling of
the composite where the layers can open up as shown in Figure 2.9.

Figure 2.9 - Mode-I/II fracture mechanisms in impact and in CAI. [60]
2.2.2 Impact resistance
The response to localized impact loading such as that imparted by a dropped tool is one of
the major limitation of fibre reinforced composites for aerospace applications [20] [61].
Due to the limited ability of composite materials to deform plastically [20] large fractures
would be created and absorbed energy and, as a consequence, the strength and stiffness of
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the composite would be reduced [62].

Because of the lack of transverse reinforcement,

the majority of the damage created by impact occurs through the thickness [63].
There are two main categories of impact events, which are low velocity impact (large mass
such as tools etc.) and high velocity impact (small mass such as small arms fire etc.) [20]
however there is no clear transition between these two categories [63].

In a high-velocity

impact, only very localized damage occurs as the structure does not have sufficient time to
respond to the event.

Various definitions have been given to categorise low-velocity

impact events in the literature.

Abrate [64] considered the speed of a low-velocity impact

to be less than 100 m/s, whereas Cantwell and Morton[20] indicated that an impact should
to be considered as low-velocity if carried out up to 610 m/s.

Alternatively, some

researchers classified the impact event based on the severity of the damage [65, 66].

2.2.2.1 Impact Behaviour

Figure 2.10 - Typical load-deflection curves of rebound, on-set of perforation and
perforation [67]
Belingardi and Vadori [68] investigated the impact resistance of laminate composites by
plotting curves of contact force vs. displacement and contact force/energy vs. time. Their
results showed that there are three different cases of impact response of specimen
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composite: (1) Rebound, if the specimens were impacted by a small amount of energy（less
than penetration threshold), rebounding takes place; (2) Penetration, when the impact
energy is iast sufficient to the penetration threshold energy so that the impactor will stop
in the specimen without rebounding (small rebounding may happen in some cases); (3)
Perforation, further increment of energy beyond the penetration threshold leads to the
complete penetration. Evci and Gülgeç[67] generated similar results as shown in Figure
2.10. In the rebound case the curve, after reaching the maximum point, came back
towards lower deflection then contacted with the horizontal axis.

Matrix cracks,

delaminations and fibre breakage were observed in this case. In the case of penetration
(Figure 2.10), the deflection increased with a very little rebound, which means that the
impactor was at the onset of perforation as fibre failure occurs and damage develops.
When the impact loading increased further, the curve becomes open. It implies that
specimen was fully perforated.

Evci and Gülgeç [67] also looked into the energy

absorption characteristics of fibre reinforced composites.
Belingardi G, Vadori R.[69] defined two thresholds for a load-deflection curve, the initial
damage force and maximum force. The results indicated that values of the damage force
threshold are strongly dependent on the properties of the matrix and on specimen thickness.
Therefore, it can be attributed to be a material characteristic and damage initiation is matrix
dominated, which is in agreement with the study by Strait et al [70]
Stein [18] used X-ray CT to investigate impact damage through the thickness of a CFepoxy laminate.

Progression in interlaminar damage area with impact energy through the

thickness is shown in Figure 2.11 [18] and 3-dimensional views of the impact damage are
shown in Figure 2.12 [18].

However, in general, the respective damage areas from the

impacted side and the back side should not be the same, unless the laminates were very
thin and were impacted by a large blunted impactor.
thickness was 3.1 mm, which is not a thin laminate.

In Stein’s study, the laminate

Therefore, the results in Figure 2.11

and Figure 2.12 may not be true.
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Figure 2.11 - Progression in interlaminar damage area with impact energy; top row
represents 5 J impact energy, middle row represents 15 J impact energy and bottom row
represents 25 J impact energy; the numbers represents the interlaminar region from the
impacted face. [18]

Figure 2.12 - 3-dimensional view of the impact damage; each interfacial damage is
represented by a different colour. [18]

45

Literature Review

Chapter 2

2.2.2.2 Impact Damage Failure Mechanisms
Richardson and Wisheart [63] proposed four modes of failure in continuous fibre/polymer
composites, which are:
1. Matrix cracking
2. Delamination
3. Fibre failure
By identifying the failure mode (Figure 2.14), the impact event could be further understood
as well as the residual strength of the impacted structure.

Moreover damage initiation

and propagation can be understood through the failure modes [65].

Figure 2.13 - Optical micrograph showing damage types in impacted fibre reinforced
laminates [71]
Matrix damage
The first failure that occurs during impact is matrix failure, which could be either matrix
cracking or fibre/matrix debonding.

The mismatch of fibre/matrix moduli results in

matrix cracks, which generally follow the fibre orientation.

The cracks in the top layers

(Figure 2.15) are generated by high tensile stress in the material, which are related to the
contact area and contact force [72].

The cracks in the bottom layers are induced by high
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tensile bending stresses, which is related to the flexural deformation of the composite [73].
It implies that the type of matrix cracking depends on the global specimen structure [74].

Delamination
A delamination can be initiated while a threshold energy (threshold load) has been reached
in the transverse impact [72]. Joshi and Sun [66] concluded that when the shear crack in
the upper layers reaches the interface, it propagates between the plies creating the
delamination.

This transformation of a matrix crack into a delamination results from the

change in the fibre orientation in the laminate plies, as this creates a bending stiffness
mismatch in the adjacent plies [75].

The growth of the delamination is driven by the

shear stresses [76] and literature indicates that the critical impact load is related to ModeII ILFT as discussed in section 2.2.1.

Figure 2.14 - Schematic representation showing typical impact damage modes for a
composite laminate. [77]
Fibre failure
As the impact energy increases to a limit where matrix cracking and delamination cannot
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dissipate the energy then fibre failure occurs.

The energy required for fibre failure due to

back face flexure is given in equation (2.4) [78].

𝐸𝑛𝑒𝑟𝑔𝑦 =

𝜎 2 𝜔𝑡𝐿
18𝐸𝑓

(2.4)

where 𝜎 is flexural strength of composite, 𝐸𝑓 is flexural modulus of composite, and 𝜔,
𝐿 and 𝑡 are the width, unsupported length and thickness of the specimen, respectively.
2.2.3 Compression After Impact (CAI)
Composite materials are sensitive to damage which may result in structural failure
occurring earlier than expected under external loads.

Impact damage tolerance of

composites can be defined as the capability of a structure to resist the formation of damage
caused by certain forms of external load and the ability to sustain further service load [79].
CAI is the most common method to quantify impact damage tolerance of composites. [80]
The stability of composite structures and residual strength may dramatically drop because
of impact damage. Dorey [81], Curtis [82] and Dost et al. [83].studied the load-carrying
ability of a CF-epoxy laminate after drop weight impact.

Results revealed that

delamination instigates local instability and thereby affects residual compression strength.
Sohn et al. [84] investigated the correlation between impact damage area and the CAI
strength of CF-epoxy composites, and reported that CAI strength is susceptible to the
initiation damage in composite objected to impact loads instead of the subsequent damage
propagation in composite under compression. These findings were also confirmed by
Kim et al.[85] and Hirai et al. [86].
As CAI tests have to be done on impacted samples, a non-destructive testing technique has
to be applied in order to perform quantitative analysis on damage area/volume. [87]
Sierakowski’s study [88] showed that compared to the undamaged compressive strength,
reductions of >50% resulted from the most severe damage (delamination, a flawed hole,
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porosity) at the barely visible damage level, whereas a 75% reduction occurred at the level
of easily visible damage. Furthermore, the results indicated that a composite may sustain
significant structural damage during an impact event, although surface damage is barely
visible.

Figure 2.15 - Illustration of failure modes of damaged panels in CAI tests. [89]
Zhou and Greaves[89] studied damage resistance and damage tolerance of composites
following low velocity impact. Results revealed that delamination opening and local
buckling took place at the same time. The final compression failure was caused by
continuous local buckling development due to local asymmetry of the sample.

Four in-

plane compressive failure modes were identified and are illustrated in Figure 2.15.

2.2.4 Open Hole Compression
Holes are often essential features of composite components, therefore it is important for
designers to take account of the effect of these holes on the strength of the laminate. [90]
Thus open hole compression (OHC) testing is another important method to evaluate
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damage tolerance.

Figure 2.16 - (a) Average and (b) point stress failure criteria for a circular though-thickness
hole in an infinite plate. [91] [90]
Whitney and Nuismer (W-N) [91] developed two criteria to evaluate the effect of holes on
the tensile strength of composite laminates, which are commonly referred to as the average
stress criterion (ASC) and the point stress criterion (PSC).

Both of these two criteria were

developed to model the situation shown in Figure 2.16, where the loss in tensile strength
of a notched composite is greater than that due to the reduction in net section but less than
that due to a stress concentration factor. In this study, both ASC and PSC are used to
predict the OHC strength.
Both the ASC and the PSC require an expression for the stress distribution around the hole.
For an infinite orthotropic plate containing a circular hole with a uniform remote stress, 𝜎 ∞ ,
applied parallel to the y-axis then the normal stress, 𝜎𝑦 , along the x-axis in the remaining
ligament can be approximated by Equation (2.5) [92].

𝜎𝑦 (𝑥, 0) =

Where

𝜎∞
𝑟 2
𝑟 4
𝑟 6
𝑟 8
{2 + ( ) + 3 ( ) − (𝐾𝑇∞ − 3) [5 ( ) − 7 ( ) ]}
2
𝑥
𝑥
𝑥
𝑥

(2.5)

𝑟 = radius of hole
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𝑥 = distance from edge of hole
𝐾𝑇∞ = orthotropic stress concentration factor for a plate of infinite width

𝐾𝑇∞

2
𝐴11 𝐴22 − 𝐴12 2
=1+√
(√𝐴11 𝐴22 − 𝐴12 +
)
𝐴11
2𝐴66

𝐸2
𝐸2
− 𝜈21 ) +
𝐸1
𝐺12

𝐾𝑇∞ = 1 + √(2√

(2.6)

(2.7)

Where 𝐴𝑖𝑗 = the ij’th element of the stiffness matrix
𝐸1 = Young’s modulus in the fibre direction
𝐸2 = Young’s modulus in the transverse direction
𝜈21 = in-plane Poisson ratio
𝐺12 = in-plane shear modulus

However, Equation (2.5) is only an approximation to the exact solution for an infinite
orthotropic plate containing a circular hole subject to remote uniaxial tension.

The exact

solution of the in-plane stress distribution has been solved by using a complex variable
mapping approach [90].

It was indicated [92] that Equation (2.5) provides a very good

approximation to the exact solution for [0], [± 45] and a series of [0/± 45]s T300/5208
CF/epoxy laminates.
3.00.

In isotropic plates or laminates with a quasi-isotropic lay-up, 𝐾𝑇∞ =

In such cases the sixth and eighth order terms may be eliminated, simplifying the

relation even further.

Average Stress Criterion (ASC)
The ASC proposes that failure in a notched laminate occurs when the average normal stress,
at a characteristic distance (𝑎0 ) ahead of the hole, reaches the unnotched strength of the
laminate (𝜎0 ).

This criterion can be expressed diagrammatically as in Figure 2.16 (a) or
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mathematically by Equation (2.8).

Thus, two material parameters, 𝜎0 and 𝑎0 , are

required to predict notched strength using this model.

The unnotched strength is typically

measured from tensile/compressive tests on the subject laminate.

The characteristic

distance is determined by curve fitting with strength data from tests at two or more hole
sizes.

The ratio of notched strength to unnotched strength is a convenient parameter to

investigate the effect of hole size on strength. An explicit expression for the notched
strength 𝜎𝑁 is obtained by substituting Equation (2.5) into Equation (2.8) and conducting
the integration. The final relation is shown as Equation (2.9) .

𝜎0 =

1 𝑥=𝑟+𝑎0
∫
𝜎𝑦 (𝑥, 0)𝑑𝑥
𝑎0 𝑥=𝑟

(2.8)

Where 𝑎0 = ASC characteristic distance
𝜎0 = unnotched strength
𝜎𝑦 (𝑥, 0)= the normal stress along the line through the centre of the hole and
perpendicular to the loading direction (x axis as shown in Figure 2.16)

𝜎𝑁
2(1 − 𝜉1 )
=
𝜎0 2 − 𝜉1 2 − 𝜉1 4 + (𝐾𝑇∞ − 3)(𝜉1 6 − 𝜉1 8 )

𝜉1 =

𝑟
𝑟 + 𝑎0

(2.9)

(2.10)

Point Stress Criterion (PSC)
As shown in Figure 2.16 (b), PSC assumes that failure occurs when the stress at some
characteristic distance (𝑑0 ) ahead of the hole is equal to the strength of the unnotched
material (𝜎0 ).

The failure criterion, expressed as the ratio of notched to unnotched

strength for a quasi-isotropic laminate, is shown in Equation (2.11).
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𝜎𝑁
2
=
2
𝜎0 2 + 𝜉2 + 3𝜉2 4
𝜉2 =

(2.11)

𝑟
𝑟 + 𝑑0

(2.12)

Cohesive Zone Model (CZM)
CZM only applies to specimens loaded in compression.

It assumes that compression

loads are supported exclusively by the 0°plies (those fibres parallel to the loading axis)
and that failure in these plies occurs by microbuckling.

In the initial stage of failure, the

microbuckle initiates at the edge of the hole and propagates stably.

Upon reaching a

critical length the microbuckle propagates unstably, producing catastrophic failure of the
ply and immediate specimen failure.

Experimental evidence supports this model of

compression failure in the presence of holes [93].

The following explanation of the model is taken from study of Soutis et al. [93].
Microbuckling initiation is assumed to occur when the stress at the edge of the hole reaches
the unnotched strength of the laminate.

The damage process zone, including the

microbuckling, delamination, matrix cracking, plastic deformation and damage in off-axis
plies, is represented by an equivalent line crack. Given that the microbuckle constitutes
the majority of the damage then the length of this equivalent crack can be thought of as
largely representing the length of the microbuckling zone.

This equivalent crack is

loaded on its faces by a normal bridging traction that reduces linearly with the closing
displacement of the crack.

When the load on the specimen is increased the equivalent

crack grows in length, representing microbuckling growth.

The length of this equivalent

crack is predicted by requiring that the total stress intensity factor, the sum of stress
intensity factor due to the remote stress and stress intensity factor due to local bridging
traction, equal zero.

The equivalent crack length is solved as a function of the remote

stress by matching the crack opening profiles from the bridging law with that deduced from
the elastic solution for a cracked body. The crack length is plotted as a function of applied
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stress.

There is a maximum that corresponds to the compression strength.

length at this stress is the critical length of equivalent crack, lcr.

The crack

This may be visualised

as the length of microbuckle required to initiate catastrophic failure of the laminate.

Figure 2.17 - Effect of composite Kc on notched strength as predicted by the cohesive zone
model for OHC [90]
Two parameters are essential in this model: the unnotched compression strength and the
fracture toughness expressed as the critical stress intensity factor (Kc), of the laminate.
This fracture toughness is that of the laminate loaded in-plane, with a through-thickness
crack propagating perpendicular to the loading direction. It is measured using centrenotched coupons loaded in compression. Values of 35-50 MPa √m were measured for a
range of T800/924C CF-epoxy laminates [93] although these researchers have stated that
typical values for CF composites are 40-50 MPa √m. The family of curves representing
the prediction of the cohesive zone model, for a range of r and Kc, are shown in Figure
2.17. [90]

54

Literature Review

Chapter 2

2.3 Epoxy Resins
2.3.1 Epoxy Resins

Figure 2.18 - The epoxy group. [94]
Epoxy resins are pre-polymers containing at least two highly-strained epoxy groups [95].
An epoxy group is a cyclic ether containing two carbon atoms and one oxygen atom
(Figure 2.18).

Although the epoxy ring can exist within the body of a molecule, usually

it resides as a terminal group [96, 97], and can be attached to a large variety of aliphatic or
aromatic organic molecules [95].

Epoxy resins were first commercialized in 1946 and are widely used in industry as
protective coatings and for structural applications, such as laminates and composites,
tooling, moulding, casting, bonding and adhesives, and others. [98, 99] The ability of the
epoxy ring to react with a variety of other functional groups gives epoxy resin chemistry
great versatility. Insoluble and intractable thermosetting polymers can be obtained after
treatment with curing agents.

Some of the characteristics of epoxy resins are high

chemical and corrosion resistance, good mechanical and thermal properties, outstanding
adhesion to various reinforcements and substrates, low shrinkage upon cure, good
electrical insulating properties, and the ability to be processed under a range of conditions.
Depending on specific needs for certain physical and mechanical properties, combinations
of epoxy resins and curing agents can usually be formulated to meet the industrial
requirement.

However, epoxy resins are generally brittle and notch sensitive in terms of

structural applications, thus huge effort has been focused on toughness improvement
during past 30 years. [100-102]
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The rapid growth of epoxy resins in industrial applications is because of their combination
of following properties [97, 103-105]:
•

Low viscosity: aids processing.

•

Ease of cure: Depending on the curing agent, epoxy resins cure at temperatures ranging
from 5 °C to 180 °C.

•

No volatiles are evolved during curing as it is not a condensation polymerisation.

•

Low shrinkage on curing: There is very little rearrangement of molecules during epoxy
resin polymerisation and no volatile by-products are evolved.

•

Excellent adhesion to carbon fibres: Due to the presence of polar hydroxyl and ether
groups.

•

Good mechanical properties.

•

Good electrical properties.

•

Good resistance to chemicals and solvents.

2.3.1.1 Common Epoxy Resins

Reaction group

Reaction group

Figure 2.19 - Chemical structure of diglycidyl ether of bisphenol A (DGEBA) prepolymers
(n = 0 for pure DGEBA). [106]
Both the uncured and cured forms are referred to as epoxy resins.

Any molecule

containing more than one epoxy group is capable of being converted to a useful thermoset
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form [97].

The types of epoxy resin prepolymers common used in aerospace applications

are bifunctional (Figure 2.19), tri-functional (Figure 2.20) and tetra-functional (Figure
2.21), resins typically used in combination.
The first, and still the most important epoxy resins used in structural applications, are those
based on the Diglycidyl ether of bisphenol-A (DGEBA) [104].

Resins are available with

viscosities ranging from 4 mPa s to as high as 16000 mPa s [27].

The typical continuous

operating temperature of DGEBA based composites is 150 °C or lower [17].

DGEBA is

a linear polymerising molecule, with a functionality of 2, which gives a low crosslink
density.
TGpAP is tri-functional epoxy resin used widely in composite manufacturing (Figure 2.20).
TGpAP has higher viscosity than DGEBA but lower compared to the common tetrafunctional resin (TGDDM), and is used in combination with both resins. [106]
crosslink density increases the system becomes more brittle.

As the

In order to improve the

fracture toughness of an epoxy matrix, a second phase such as rubber particles,
thermoplastics, or nano-particles are often incorporated into the system.

Reaction group
Reaction group

v
Figure 2.20 - Chemical structure of triglycidyl-p-aminophenol (TGpAP). [106]
Epoxy resins based on the tetra-functional epoxy prepolymer, TGDDM ((Figure 2.21) are
widely used in aerospace applications [107] including the industry-standard RTM6 epoxy
resin designed for RTM which is used in this study. [4, 108]

Compared to both DGEBA

57

Literature Review

Chapter 2

and TGpAP, the viscosity of TGDDM (≥18 mPa s at 50 °C [109]) is higher.

Therefore,

when a second phase is introduced the handling of this type of resin becomes difficult.
To improve process ability, DGEBA and/or TGpAP are often introduced.

When reacted

with the same curing agent the order relative reactivity is reported to be
TGDDM>TGpAP>DGEBA [110] .

Reaction group

Reaction group

Figure 2.21 - Chemical structure of tetraglycidyl-4,4’-diaminodiphenyl methane
(TGDDM). [106]

2.3.1.2 Curing Agents
There are numerous combinations of curing agents (or hardeners) available to cure epoxy
resins, [111, 112] including amines (aliphatic and aromatic) and anhydrides.

There

hardeners can be categorized into two main types: co-reactive and catalytic [113].

A

catalytic curing agent acts as an initiator for homo-polymerisation whereas a co-reactive
hardener acts as a co-monomer in a non-linear polymerisation.

Catalytic curing agents

initiate chain growth polymerisation, but tend to give low values of the average degree of
polymerisation of primary chains [114] which results in poor mechanical properties.
Consequently, co-reactive hardeners find wider application with epoxy systems.

There is

a wide variety of co-reactive hardeners, and the choice of hardener depends on the
processing method, desired curing conditions, desired physical and chemical properties,
environmental limitations and cost [97, 113].

Taking all of these factors into

consideration, amines have the largest share of the epoxy hardener market[115].
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2.3.2 Toughening of Epoxy Resins
For epoxy resins, the most common method of toughening is to introduce a secondary
phase into the system such inorganic fillers, rubbers, thermoplastics, or nano-particles.
Silica, barium titanate, dolomite, glass beads and clays are some of the inorganic fillers
used.

Typical rubber toughening agents are amino-terminated and vinyl-terminated

butadiene-acrylonitrile

and

carboxyl-terminated

butadiene-acrylonitrile

(CTBN).

However, high temperature thermoplastics such as polyetherimide (PEI), polysulphone
(PSF) or polyethersulphone (PES) are now used more commomly.

Another category of

toughening agents are nano-particles, such as carbon nanotubes (CNT) or block
copolymers, which are increasingly popular in this field of research.[18]
One of the most common approaches to toughen thermosetting polymers is the
incorporation of a rubbery phase.

Although rubber-toughened epoxy resins were

patented earlier, the important research work on rubber modified epoxy resins was
pioneered by McGarry and his group at MIT [116] during the 1970’s, who showed that
addition of rubber can produce a significant improvement in toughness.
often toughened by blending with a suitable liquid rubber.

Epoxy resins are

Initially the liquid rubber

remains miscible in the epoxy resin system and then phase separates during the curing
reaction to form a microstructure.

The other way of toughening with rubber is by mixing

preformed rubber particles into the system directly.

The fracture toughness of brittle

epoxy resins can be improved by several orders of magnitude by rubber-toughening [117].
However, the addition of rubber also reduces the yield strength, modulus and Tg [118] due
to plasticisation of the matrix. Studies have shown that rubber-toughening can result in
up to a 20 % decrease in the elastic modulus and yield strength [119, 120].
The effect of a toughener on the fracture toughness varies with the concentration and
distribution of the toughener in the resin system.

Some studies showed that GIc increases

with increasing volume fraction of the toughener and then reaches a plateau [116], whereas
other investigations found that the GIc starts to decrease after this plateau[121].

Similar
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results can be found in preformed rubber-toughening as well.

Fracture energy increases

with the increased addition of the preformed solid rubber particles linearly up to 10 vol.%
and up to 25 vol.% the GIc levelled off [122].

According to Iijima et al.[123] the addition

of 20 wt.% of rubber-toughener caused a 60 % increase in fracture toughness of the cured
resin and also less negative effect on its other mechanical properties were observed.

Kim

and Ma [124] reported that mode-II ILFT decreased with increasing rubber content,
whereas mode-I ILFT increased with increasing rubber content.

It was proposed that the

rubber inclusions may act as defects during Mode-II shear and decrease fracture toughness
in the modified system.

A study of the impact resistance of an epoxy resin system in the

presence of CTBN and hydroxyl-terminated-polybutadiene (HTPB) [125] found a linear
increase in impact strength of CTBN-modified resin up to 20 phr (Parts per Hundred
Rubber), but found that the maximum impact strength occurred at 3 phr of HTPB content
and then reduced.

They claimed this reduction was due to the coarsening of HTPB

particles at higher contents.

Ratna and Banthia [126] observed that impact strength was

increased by 100 % with 10 phr addition of liquid rubber, and then started to decrease after
this point. The efficiency of toughening of an epoxy resin with rubber particles increased
with higher inherent ductility of the system.

Therefore, the toughening of bi-functional

epoxy resin by addition of rubber is higher than that of the tri-functional and tetrafunctional epoxy resins [127].

2.3.3 Phase Separation
Generally, there are two major methods of generating a secondary phase in thermosetting
polymer matrices: one is reaction induced phase separation (RIPS), which means the phase
separation occurs during polymerization of an initially homogeneous mixture; and the
other is to disperse a secondary phase in the starting monomer system.
The main advantage of RIPS is that it can generate a variety of dispersed as well as
bicontinuous morphologies. [128] The RIPS approach also imparts better stability and a
low viscosity to the starting homogeneous system.

However, the disadvantage of RIPS
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is that sometimes undesired morphologies may be generated when a particular cure cycle
is used.

It is important to establish a relationship between the cure cycle and the

morphology, in order to obtain a specific morphology.

Moreover, even at complete

conversion, some of the modifier remains dissolved in the matrix solution, and a modifier
with a lower Tg would then decrease the maximum Tg of the fully cured system.
Dispersion of a second phase in the starting monomer makes it possible to control the
volume fraction, particle size distribution and composition of the dispersed phase. The
precisely study of interfacial adhesion and the particle size distribution can then be carried
out [129].

However, the disadvantage of this method is that the initial viscosities of these

dispersions are relatively high, and the addition of particulates often leads to particle
agglomeration.

2.3.3.1 Reaction-induced phase separation (RIPS)
An understanding of the thermodynamic and kinetic factors which control the morphology
of modified thermosetting polymers is required in order to gain the optimum use of RIPS.
A thermodynamic analysis make it possible to determine the regions on a phase diagram
to understand if a modified system is stable, metastable or unstable [129].

A kinetic

analysis allows determination of the time frame over which phase separation occurs.

The

thermodynamics of most polymer blends are governed by the free energy of mixing, which
can be expressed using Flory-Huggins polymer solution theory [130, 131] based on the
enthalpy and the entropy of the system during mixing.
∆𝐺𝑚 = ∆𝐻𝑚 − 𝑇∆𝑆𝑚 ≤ 0

(2.13)

Where ∆𝐺𝑚 = the Gibbs free energy,
∆𝐻𝑚 = the enthalpy of mixing,
𝑇 = temperature,
∆𝑆𝑚 = the entropy of mixing.
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Gibbs free energy (∆𝐺𝑚 ) has to be negative for a polymer blend to be miscible and satisfy
the following condition [132, 133];

[

𝛿 2 (∆𝐺𝑚 )
] >0
𝛿∅2
𝑇,𝑃

(2.14)

Where ∅ = the volume fraction,
𝛿 = the solubility parameter.
In the Flory-Huggins theory the behaviour of a polymer solution is described based on a
lattice model, where it is assumed that polymer segments and solvent molecules have the
same volume.

Therefore, for a polymer and a solvent the entropy can be given by the

following equation;
∆𝑆𝑚 = −𝑅 (𝑛1 𝑙𝑛 ∅1 + 𝑛2 𝑙𝑛 ∅2 )

(2.15)

Where 𝑅 = the gas constant,
𝑛𝑖 = the number of components,
∅𝑖 = the volume fraction,
𝑖𝑡ℎ = component in the blend
If 𝑉1 and 𝑉2 are the molar volumes of thermoset and the modifier (toughener) respectively,
the entropy of mixing per unit volume may be written as:

∆𝑆 =

∆𝑆𝑚
𝑛1 𝑙𝑛 ∅1 𝑛2 𝑙𝑛 ∅2
= −𝑅 (
+
)
𝑉
𝑉1
𝑉2

(2.16)

where 𝑉 is the total volume and can be expressed as:
𝑉 = 𝑛1 𝑉1 + 𝑛2 𝑉2

(2.17)
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While the volume of the modifier (𝑉2 ) remains constant the volume of the thermoset (𝑉1 )
increases with chemical conversion.

This results in a decrease in entropic contribution to

the free energy of mixing during polymerisation, leading to an increasingly unstable
system.

Therefore, increase in chemical conversion increases the likelihood of phase

separation.
The enthalpy, ∆𝐻𝑚 , of the system can be given by:
∆𝐻𝑚 = 𝑅𝑇𝜒12 𝑛1 ∅2
Where

(2.18)

𝜒12 = the temperature-dependent interaction parameter

By combining equation (2.15) and (2.18) Gibbs free energy, ∆𝐺𝑚 , can be expressed as
shown in equation (2.19):
∆𝐺𝑚 = 𝑅𝑇(𝑛1 𝑙𝑛 ∅1 + 𝑛2 𝑙𝑛 ∅2 + 𝜒12 𝑛1 ∅2 )

(2.19)

If 𝜒12 is known, equation (2.19) can be used to calculate phase boundaries for polymer
blends, i.e. the degree of phase separation in the polymer blend[134].
The enthalpy and entropy both contribute towards the interaction parameter [135] as given
in Equation (2.20).

𝜒12 = 𝜒∆𝑆 +

𝑉𝑟 (𝛿1 − 𝛿2 )2
𝑅𝑇

(2.20)

where; 𝑉𝑟 is the reference volume that can be selected as the molar volume of the starting
monomer/monomers or as the molar volume of the repeat unit of the modifier/toughener
[136], and 𝛿1 and 𝛿2 are the solubility parameters of the polymer and the modifier.
entropic part (𝜒∆𝑆 ) can be assumed to be negligible for polymer blends [137] .

The

Thus, the

enthalpy is the major factor which determines degree of phase separation.
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The Flory-Huggins theory has been widely accepted in describing the thermodynamics of
polymer solutions and blends.
•

However, it has the following limitations [138]:

The lattice model assumes that the size and the shape of the solvent molecules and the
polymer repeat units are the same, the solvent molecules are completely mixed with
the polymer chains, the effect of free volume is negligible, and there are identical forces
between like and unlike molecules.

•

The model is not applicable to systems with strong specific interactions.

•

The volume change upon mixing is not included in the model although negative
volume changes may take place in the presence of favourable interaction between
polymer and solvent molecules.

2.3.3.2 Phase separation mechanisms and morphology

Figure 2.22 - Phase diagram showing LCST and UCST behaviour for polymer blends [132].
Phase diagrams display the boundaries of stability of the various phases in a chemical
system at equilibrium, with respect to temperature and composition.

As shown in Figure
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2.22 [132], liquid-liquid and polymer-solvent mixtures exhibit upper critical solution
temperatures (UCST), i.e. a temperature above which all the compositions are miscible,
whilst polymer-polymer mixtures usually exhibit lower critical solution temperatures
(LCST), i.e. a temperature below which all the compositions are miscible [23, 132, 139].
Phase separation can occur by two mechanisms; nucleation and growth (NG) and spinodal
decomposition (SD), which occur in different parts of the phase diagram.

The phase

diagram of a binary blend has three regions; single phase (or stable), metastable and
unstable. In the single phase, or stable, region there is no phase separation and the two
compounds remain miscible.

In the metastable region phase separation may occur by

nucleation and growth, and in the unstable region phase separation will occur by spinodal
decomposition.

(a) One-dimensional evolution of phase concentration profiles

(b) Two-dimensional representation of the resultant phase structure
Figure 2.23 - Schematic representation of nucleation and growth process showing the
formation of nuclei surrounded by a depletion layer and the growth of these nuclei by
diffusion.[23]
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(a) One-dimensional evolution of phase concentration profiles

(b) Two-dimensional representation of the resultant phase structure
Figure 2.24 - Schematic representation of the spinodal decomposition process showing the
instability of the system to small fluctuations in composition and the growth of those
fluctuations by uphill diffusion [23]
Nucleation and growth occurs when a blend is in the metastable region (between the
binodal and spinodal curves in the phase diagram Figure 2.22), here the blend is stable to
very small concentration fluctuations but is unstable to large concentration fluctuations in
the form of nuclei, which once formed overcome the energy barrier for phase separation.
As a nucleus starts growing it creates a depletion layer around it, the individual molecules
within the surrounding mixed phase would therefore diffuse into the phase depletion layer
(with lower concentration of nucleus composition).

This is termed as “downhill

diffusion”, in which the nuclei grow with the help of the chemical potential gradient which
is the growth mechanism.

A schematic of this growth process and the resultant phase

structures are shown in Figure 2.23. The time scale of the experiment and the diffusion
rate determines the final sizes of the nuclei and the distance between them. Generally, as
temperature decreases the rate of diffusion decreases whereas the rate of nuclei formation
increases. Assuming that the diffusion rate is finite, the size of the nucleus increases at
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first by growth and later by coalescence, coarsening or ripening until ultimately two layers
are formed, provided that the phase separation is not arrested by vitrification.
Spinodal decomposition occurs when a blend is in the unstable region of the phase diagram,
(above the spinodal curve in Figure 2.22).

In this region the blend is unstable to even

very small concentration fluctuations and phase growth has no thermodynamic barrier
resulting in phase separation by a continuous and spontaneous process. The molecules
of one component of the blend continue to diffuse from the low concentration region to a
high concentration region, which is termed “uphill diffusion”.

Since the high

concentration region is a low energy region the molecules of the other component move
towards the clusters, thus the neighbouring clusters would develop. However, when the
concentration gradient reaches a plateau, by minimising the interface area (“Ostwald
ripening” in Figure 2.24 (b)) the blend tend to minimize interfacial free energy between
the phase domains.

Figure 2.25 - Development of morphology in polymer blends following spinodal
decomposition, coarsening of the phase domains [140].
For phases produced by both nucleation and growth and spinodal decomposition the
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domain size coarsens with time to minimise the interfacial area.

Particularly for spinodal

decomposition the domain shape changes with time as shown in Figure 2.25 [140].

The

experimental results Zhang et al. [141] showed the original spinodal structure coarsening
and then approaching a more spheroidal morphology (Figure 2.26).

Reich[140] indicated

that the evolution of the morphology with time during the cure cycle is initially due to
Ostwald ripening, and the coarsening occurs due to coalescence in later stages .

Figure 2.26 - Process of phase separation following spinodal decomposition of a
TGpAP/DDS/PES blend monitored by optical microscopy [141].
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2.4 Thermoplastic Toughening of Epoxy
2.4.1 Thermoplastic Toughening Mechanisms
A lot of work has been done on the toughening mechanisms of rubber additives.

However,

the toughening mechanisms of thermoplastics in epoxy resins are still not very clear based
on previous literature. Pearson et al. [142] proposed that the main ness mechanisms for
thermoplastic toughening are: particle bridging, crack pinning, crack path deflection, crack
path deflection, particle yielding-induced shear banding, particle yielding, and microcracking as shown in Figure 2.27.

Figure 2.27 - Schematic diagram of toughening mechanisms proposed for thermoplasticmodified epoxy resins; (1) particle bridging, (2) crack pinning, (3) crack path deflection,
(4) particle yielding-induced shear banding, (5) particle yielding, and (6) micro-cracking.
Reproduced from [142, 143]
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Particle Bridging/Crack Bridging
Usually particle bridging/crack bridging is identified as one of the possible toughening
mechanisms for thermoplastic-modified epoxies [117, 142, 143].

The proposed function

of the thermoplastic particles is to increase energy consumption by plastic deformation and
tearing during the fracture ((1) in Figure 2.27). Rigid or flexible particles would act as
bridging particles generating a compressive grip on the crack path, whereas ductile
particles deform plastically at the crack tip and provide extra crack shielding [144].

Thus,

damaged thermoplastic particles would be observed on the crack plane by SEM ((e) in
Figure 2.28), if this toughening mechanism has taken place. The quantitative effect of
particle bridging by thermoplastics is not clear yet.

Particle bridging, crack pinning,

crack path deflection, crack path deflection, particle yielding-induced shear banding,
particle yielding, and micro-cracking have been observed in previous studies by
thermoplastics in epoxy resins (Figure 2.27) [142].

Crack Pinning
Thermoplastic particles behave as impenetrable objects in crack pinning, which slows
crack propagation by energy consumption ((2) in Figure 2.27) [117, 142, 143].

The crack

front is stopped between the second phase particles and remains pinned [145]. Generally,
the fractured surface is etched and the thermoplastic particles are removed from the surface
to observe the fractured surface and SEM is used to observe this toughening mechanism
((d) in Figure 2.28). On the un-etched surface observation of tails on the fractured surface
is indirect evidence as well.

The effect of this toughening mechanism is still unclear.

Crack pinning has not been referred to in studies [146, 147] as much as particle bridging.
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Figure 2.28 - Pictorial schematics of the underlying toughening mechanisms and SEM
images of corresponding fracture surfaces. (a) Microcracking. (b) Crack path deflection.
(c) Particle yielding. (d) Crack pinning. (e) Particle bridging. (f) Crack bowing.[148]
Crack path deflection
Another toughening mechanism observed in thermoplastic-modified epoxy resin systems
is crack path deflection [117, 142, 143].

As shown in (3) of Figure 2.27, the thermoplastic

particles deviate the crack from its original plane.

This creates an increased surface area

as well as elongates the crack length, resulting in mode II deformation rather than mode I.
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By using SEM, this mechanism can be observed on the fracture surface as well ((b) in
Figure 2.28).

Particle yielding-induced shear banding
Particle yielding-induced shear banding is one the major fracture mechanism in a second
phase toughening, which is observed mostly with rubbery additives.

Under the stresses

applied near the crack tip, cavitation of the particles and matrix deformation occurs
reducing the local stress concentration, which allows the material to sustain higher applied
loads prior to the failure as the crack tip is blunted by deformation the plastic particles
[149].

As shown in (4) of Figure 2.27, a significant stress concentration was produced

by the yielding of thermoplastic particles which initiates shear banding in the matrix
system, example SEM was shown in (c) in Figure 2.28.

Kim and Brown [150] proposed

that the toughening mechanism of thermoplastics is similar to the toughening effect of
rubbers and that particle yielding-induced shear banding may take place, although they
disputed that this mechanism occurs under plane-strain conditions.

Micro-cracking
Figure 2.27 (6) shows Micro-cracks, which may contribute to improved toughness. In this
case, large tensile deformation take places and the opening of micro-cracks generate voids
which results in large local strains [151] and boundaries for furthering the cracks are also
created.

Pearson and Yee [142] observed micro-cracking in SEM micrographs ((a) in

Figure 2.28), which they proposed improved fracture toughness in their matrix system
( DGEBA toughened with poly (phenylene oxide), PPO).

2.4.2 Comparison of Toughening Techniques
The most common method to toughen epoxy resin using thermoplastics is to dissolve the
thermoplastic in the resin. However, resin viscosity tends to increase significantly which
can cause problems with processing.
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2.4.2.2 Toughening using Dissolvable Thermoplastic Fibres
In 2003, Cytec introduced a new toughening technology called PriformTM for RTM
technology. [152-155]

As shown in Figure 2.29 [156], a special co-woven (or co-braided)

fabric is produced containing both reinforcing CF and dissolvable fibres of a thermoplastic
toughening agent.

When using this fabric as a preform in RTM, after filling the mould

the mould temperature is raised to both initiate the crosslinking reaction of the
thermosetting resin and to melt the thermoplastic yarns. The molten thermoplastic fibre
is soluble in the thermosetting resin and undergoes RIPS as curing proceeds to form a
toughening morphology.[8]

Hogg [7, 155] proposed that commingling structural fibres

with tough thermoplastic fibres prior to the weaving of the fabric is an effective toughening
technique. The choice of thermoplastic fibres can dictate whether they dissolve in the
thermosetting resin after infusion and form a toughened matrix, or remain in the final
composite as a solid fibre to provide toughening as shown schematically in Figure 2.30.
PET fibre was used by Thanomsilp and Hogg [7, 157, 158], who reported that the insoluble
PET fibres did not give significant improvement in fracture toughness [158] and impact
resistance [157].

Figure 2.29 - Schematic of typical structure of Priform fabric.[156]

73

Literature Review

Chapter 2

Figure 2.30 - Schematic diagram of the microstructure of a concept toughened composite.
Thermoplastic fibres are mixed with the structural fibres and infused with a low viscosity
thermoset matrix.[158]
The Cytec patent indicated that a phenoxy fibre was used as the toughening agent [159161]. Phenoxy fibre is also marketed by EMS-Griltech as a bonding fibre which has a
toughening effect [160].

A few studies using phenoxy fibres as a stitching yarn for carbon

fibre/epoxy composites have been reported, Beier et al [162] used phenoxy fibres to
toughen the RTM6 system, the fracture toughness of the 10 wt.% phenoxy-modified epoxy
resin increased by approximately 20% as compared to the neat RTM6 without inducing
significant detrimental effects on either matrix stiffness or Tg.
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Figure 2.31 - Phenoxy fibre dissolution time observed with hot-stage microscopy.[160]

Figure 2.32 - Mode-I GIc ILFT values for CF-epoxy composites modified with dissolvable
phenoxy fibres. [160]
Wong et al [160] used dissolvable phenoxy fibre introduced as a chopped strand interleaf
in CF-epoxy laminates. As shown in Figure 2.31 [160], the dissolution time increased
when curing agent was added to the epoxy, especially at lower temperatures, indicating
that the type of curing agent used can affect the dissolution process, as also suggested in
Guo’s study [163]. Wong et al found that the GIc (Figure 2.32) ILFT and the CAI
properties (Figure 2.33) were significant improved for the 10 wt.% phenoxy specimens.
Therefore dissolvable fibres films or veils can provide an excellent generic method to
create composite laminates with localised toughening at damage prone regions.
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Figure 2.33 - CAI results for CF-epoxy composites with 0 wt.%, 5 wt.% and 10 wt.%
dissolvable phenoxy fibres. [160]
Interleaf veils are another method to introduce layers of high-toughness thermoplastic to a
composite laminate.

Ishai et al [161] used thermoplastic interleaves with CFRP prepregs.

Both mode I and mode II ILFT were increased [164], but this method also increased
composite thickness and weight [44, 55]. Gillespie et al [165, 166] and Smiley and Pipes
[167] reported that the fracture behaviour of interleaved composites is characterised by the
radius of the plastic deformation zone at the propagating crack front, which depends on the
opening rate and the mechanical properties of the interlayer. When the radius is greater
than the interlayer thickness, the plastic area extends beyond its boundaries and cracks
appear in the bonded interfaces between interlayer and fibres, rather than those between
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fibres and matrix, the interleaf veil fibres have better capability to absorb energy because
of its higher elastic modulus. Preliminary studies of hybrid composites using nonwovens
show some improvement in delamination resistance accompanied by a reduction in tensile
strength and shear modulus [168]. Subsequently, Kuwata and Hogg [169, 170] tested the
properties of interleaved composites formed using veils produced from thermoplastic
fibres, CF and combinations of both. Composites produced with polyester veils in the
inter-ply region exhibited significant improvements in mode-I ILFT, whereas, in contrast,
CF veil interleaved laminates had the poorest mode-I and mode-II ILFT. [169, 170]
Fibre-bridging effects by the interleaf veil fibres contributed significantly to the
toughening mechanism in mode-I loading, and veils with low areal density and with
thermoplastic fibres seemed to be the most effective for absorbing fracture energy [169].
Whereas the mechanism of toughening under mode-II loading would appear to be more
complex, less dependent on fibre-bridging and more affected by the properties of the
matrix, the fracture energy was seemingly dependent on the interleaved nonwoven
architecture. [170]
Recently, Ramirez et al [171] used non-woven veils of polyphenylenesulphide (PPS) and
polyetheretherketone (PEEK) as the interleaf to toughen a CF-epoxy system. Mode I (left)
and mode II (right) ILFT plotted against mean coverage is shown in Figure 2.34. They
reported that no significant influence of veil anisotropy was observed on ILFT for
nonwoven PPS, although some dependence was observed for a highly anisotropic PEEK
veil.

This implies that both ILFT modes are influenced by the mean coverage of the veil

and hence on the fraction of the propagating crack front that contains no fibres.
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Figure 2.34 - Mode I (left) and Mode II (right) fracture toughness of CF/Epoxy toughened
by PPS and PEEK respectively, plotted against mean coverage (broken line illustrative
only) [171]
However, the disadvantage of the interleaf veil toughening is that the crack tends to
propagate out of the toughened interlaminar layer and into any adjacent untoughened plies
which, once it happens, negates any improvement in ILFT.

2.4.2.3 Toughening using Thermoplastic Coated Fabrics

Figure 2.35 - ES-Fabric™ multi-functional reinforcements are pre-treated commercial
carbon fabrics used in RTM products. Composites with these fabrics exhibit significant
toughness improvement as well as excellent process handling.[172]
In 2003 Yi and co-workers proposed composite toughening concept called ex situ.[173]
The aim of the ex situ technique is to significantly increase the interlaminar properties of
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CF reinforced thermosetting composites by toughening specifically in the interlaminar
regions.[174-178]

In this context, “Ex situ” means that instead of using a thermoplastic

toughened thermosetting resin, the toughening polymer is coated on the fibre
reinforcement.

After the coated reinforcement preform is encapsulated by an

untoughened thermosetting resin and the composite is cured, highly toughened
thermoplastic-rich layers are formed in the thin interlaminar regions whereas the carbon
tows remain thermosetting resin-rich (Figure 2.35).

The ex situ concept has successfully

been demonstrated for improvement in impact damage resistance for composites based on
epoxy,[174-176] BMI,[177] and PI [178] both for unidirectional carbon (UD) and crossply laminates cured in an autoclave. Yi et al [8, 9] used RTM to produce composites
panels based on ES carbon fabrics coated with a proprietary poly(aryletherketone), PAEK,
and BMI. Significant improvements were reported for ILFT as well as impact resistance
and damage tolerance, GIC increased from 215 to 627 J/m2 and GIIC from 510 to 905 J/m2,
respectively. They proposed that the formation of a phase separated and phase inverted
microstructure, of a continuous thermoplastic phase with dispersed BMI particles, was
responsible for the improvement (see Figure 2.36-Figure 2.38). Fractographic evidence
of the plastic deformation and rupture along the crack paths is presented for both mode I
and mode II ILFT tests (Figure 2.36 and Figure 2.37)[8].
Yi et al [9] has also proposed that the concept of ex-situ increases the ductility of the region
between the plies, which allows inter-ply stresses formed under impact to be relieved and
flexure to occur without the formation of large delaminations.

The phase-inverted

continuous PAEK - discontinuous thermoset particle microstructure (Figure 2.38) [9] is
proposed to stop transverse cracks forming delaminations at the ply interface, which leads
to the improvement in ILFT.
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Figure 2.36 - SEM images of fracture surface of a 20.2 wt% PAEK toughened CF-BMI
specimen after mode I testing: (a) ×2000; (b) ×5000; and (c) ×20,000. The crack propagates
from right to left.

Figure 2.37 - SEM images of fracture surface of a 20.2 wt % PAEK toughened CF-BMI
specimen after mode II testing: (a) ×1000; (b) ×2000; (c) ×5000; and (d) ×30,000.
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Figure 2.38 - SEM images of the interlaminar region of a 20.2 wt % PAEK toughened CFBMI specimen: (a) × 2000, (b) × 5000, and (c) × 20,000. PAEK was chemically etched in
part.
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CHAPTER 3
EXPERIMENTAL
3.1 Outline of Experiment Stages
Figure 3. shows an outline of the 3 stages of experimental work in this study: stage 1mixing RTM6-2 and evaluation the quality of resin; stage-2 manufacturing of composite
panels and evaluation of their quality; stage 3 study of the impact resistance and damage
tolerance of toughened and untoughened composites and how the toughening method has
affected the mechanical properties. In stage 1，three methods were used to characterise
the resin properties: rheological testing was used to study the viscosity of resin at various
temperatures DSC was used to the measure the degree of cure of the resin; DMTA to
measure the Tg. In stage 2, two composite systems were made, the ES fabric /RTM6-2
composite is a toughened system using the coated ES fabric, and the T300 fabric/ RTM62 composite is an untoughened system produced using the same fabric without coating as
a reference. After composites have been manufactured, the quality of composite samples
should be determined; thus a C-Scan was used to determine any porosity or delamination.
The fibre volume fraction was required to be ≥55%, and was determined by an acid
digestion method. Good quality composite samples were used in stage 3 where the
toughening effects of the coated ES fabric, on the impact resistance and damage tolerance
of the two composite system were studied.

The tests undertaken were Mode I/II

interlaminar fracture, drop-weight impact, compression after impact (CAI) and open-holecompression (OHC); optical observation, HD camera video and scanning electron
microscopy (SEM) were also used to investigate the failure mechanisms.
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Figure 3.1 - Outline of experimental work.
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3.2 Materials
3.2.1 RTM6-2 Epoxy Resin System
The epoxy resin system used was RTM6-2, purchased from Hexcel. RTM6-2 is a twocomponent system made from the same ingredients as the original single-component
RTM6 system (Figure 3.2 [179]). The mixing ratio of the two components of the RTM62 kit (A and B) was WA: WB= 100:68.2. The standard cure and post cure cycle (for RTM)
are: cure in mould at 160 °C for 75 minutes, then a free standing post-cure for 120 minutes
at 180 °C (ramp: 1 °C/min).

Figure 3.2 - Chemical structures of key constituents of Hexcel RTM6. [180]

3.1.2 Reinforcement
The two carbon fibre fabrics used were supplied by the Beijing Institute for Aeronautical
Materials (BIAM). Both were a unidirectional (UD) T300 carbon fibre fabric; one
uncoated and the other a coated ES fabric. The UD T300 fabric was a uniweave structure
with an areal density of 167±5 gsm; the warp yarn was T300 carbon fibre and the weft
yarn was polyester fibre spaced at 3 mm. The ES fabric was manufactured by coating the
T300 carbon fabric with a thermoplastic polymer which acts as a toughening agent. The
thermoplastic toughening polymer was an amorphous polyaryletherketone (PAEK) with a
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phenolphthalein functional group (Figure 3.3), with an intrinsic viscosity of 0.30 dl/g and
a glass transition temperature (Tg) of 230 ˚C. [8, 9]

Figure 3.3 - Molecular formula of the toughener PAEK. [8, 9]

3.3 Manufacturing
3.3.1 Melt Mixing of Epoxy Resin Systems

Figure 3.4 - Resin mixing setup.
Part A and B of the RTM6-2 were preheated at 95 °C until completely liquid, then mixed
at a weight ratio of WA:WB= 100:68.2 at in a 500 mL glass bottle within a silicone oil
bath at 80 °C (Figure 3.4). A Heidolph RZR 2052 overhead stirrer was used to mix the
resins at 200 rpm for 30 minutes. After mixing, the system was degassed in a Thermo
Scientific Heraeus Vacutherm vacuum oven at 80 °C for 1 hour. Samples for DSC
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measurements were prepared immediately after mixing and the rest of the mixed RTM6-2
was stored in a freezer below −18 °C to be used for rheology measurements and resin
infusion. The reported life time of an RTM6-2 mixture stored below −18 °C is 9 months.

3.2.2 Composite Manufacturing
3.2.2.1 Resin Infusion (RI)
For RI the fabrics were cut into 400 mm × 400 mm plys at angles of -45, 0, 90, +45 degree
to the warp direction using a Lectra Vector TechTex FX ply cutter, and kept with in a
vacuum bag to protect from contamination and prevent fraying at the edges. The entire
layup process was performed in a dust-free layup room. Firstly, a layer of release agent
(700NC, Frekote) was applied to the top surface of a flat aluminium tool plate and allowed
to dry. The fabric stack was then placed on the centre of the tool plate with the stacking
sequence of [-45, 0, 90, +45]2s. The set up for RI is shown in Figure 3.5; with spiral-split
inlet and outlet tubes at the very end of both sides, peel ply (a plain woven Nylon fabric)
on the top of the fabric stack and the plates, and a mesh/ flow medium (used to distribute
the resin) placed over the top of the inlet spiral tube and over the peel-ply. Finally, the
whole system was sealed with the bagging film using tacky tape.
After layup, the composite panel was made by RI; the mixed RTM6-2 was preheated to 80
C in an oven and the mould to 120 °C on a vacuum table (Elkom GmbH Vakutherm
Membrane Press), then the resin was infused under vacuum and once the fabric stack was
fully infused, both the inlet and outlet tube were sealed by Hoffman clips. The lay-up was
then placed in a Thermo Scientific Heraeus T20P oven and cured (cycle presented later in
Figure 3.9).
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Figure 3.5 - Schematic diagram of resin infusion (RI)

3.2.2.2 Hybrid Processing (HP)
Demould

Lay-up

Preheat the
RTM6-2 to
80°C

Resin
Infusion,
preheat the
mould at
120°C

Seal the
vacuum
bag

Hot press
at 160°C
with the
pressure of
10 bar ,
75min

and free
standing

Laminates

post-cure:
120 min at
180°C

Figure 3.6 - Hybrid RI-hot press moulding method
For composites made using RI, the fibre volume fractions (Vf) were relative low,
particularly for the treated ES fabric, as the vacuum-only pressure during RI gave
insufficient compaction to produce laminates with values of Vf ≥55%. Consequently, a
hybrid moulding technique, combining RI with hot-press moulding, was developed to
produce laminates with higher fibre volume fractions (Figure 3.6).
Because of the size limit of the platens of the Dr Collin GmbH P300P/M press used, the
metal mould was trimmed to 500 mm × 300 mm and the fabric plies to 400 mm × 250
mm. The layup was almost same as RI except that two parallel metal spacer plates, were
placed at both ends of the fabric stack in order to stop the hot press at the target thickness
of 2.7 mm and 4 mm respectively for CAI/OHC and Mode I/II test, as calculated using

87

Experimental

Chapter 3

equation 3.1.

d=

𝑛𝐴𝑤
𝜌𝑓 𝑉𝑓

(3.1)

Where d= laminate thickness
n= number of plies
Aw= areal weight of fabrics
ρf= density of fibres
Vf= fibre volume fraction

Figure 3.7 - Schematic of the hybrid RI-hot press process.
Although the pressure of 10 bar was set to apply by the hot press machine, the actual
pressure that consolidated the laminates was not known, once the hot press platen was
stopped by the metal spacers.
For laminate samples for the impact, CAI and OHC tests, the fabric stack had 16 plies with
a stacking sequence of [-45, 0, 90, +45]2s, as shown in Figure 3.7. Laminate samples for
Mode I/Mode II interlaminar fracture tests had 24 layers of fabric all with a ply sequence
of 0°and incorporating mid-plane inserts (Cytec ETFE release film of 13 μm thickness) of
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70 mm length, which would be later cut to the size suitable for the test. The peel ply and
the mesh were wrapped around the inlet tube and the fabric stacks in order to give better
flow during infusion for these relative thick samples (Figure 3.8).

Figure 3.8 - Schematic of Hybrid RI-hot press process for mode-I and II test panels.

Figure 3.9 - Thermal cycle for moulding and curing of the RTM6-2 matrix composites.
After infusion on the vacuum table at 120 °C, the sealed vacuum bag was moved into the
hot press (preheated at 120 °C), and the fabric stack was compressed under 10 bar pressure
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until the metal stops were reached. The hot press temperature was then increased to
160 °C for 75 minutes after which the mould was removed from the hot press, the laminate
was then demoulded and post cured in an oven (Thermo Scientific Heraeus T20P) at
180 °C for 120 minutes (Figure 3.9).

3.2.3 Specimen Preparation

Figure 3.10 - Schematic of manufacture and cut line of mode I and II specimens.
All the specimens were cut from laminate samples using a Benetec Slida 7000 Manual
Sliding Cutter, 20mm was trimmed from the four edges of the laminate, which were then
cut to the specific sizes: 89 mm × 55 mm for the impact, CAI and OHC tests, 40 mm ×10
mm for DMTA, 20 mm ×10 mm for acid digestion and 160 mm × 20mm for Mode I/II
tests (Figure 3.10).
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3.3 Characterisation Techniques
3.3.1 Rheology

Figure 3.11 - Shear deformation of a Newtonian fluid. [106]
Rheology is defined as the study of fluid flow during induced deformation.[181] A
diagram illustrating a simple model of a Newtonian fluid undergoing shear is shown is
Figure 3.11, two parallel plates with cross sectional area A areseparated by a gap d, which
is filled with the fluid. The upper plate moves with a velocity, ν, the force per unit area,
F/a, required to induce this motion in the x direction is known as the shear stress τ. The
lower plate is stationary, resulting in a velocity profile in the fluid varying zero at d0 to a
maximum (of ν). The relationship between shear stress and rate of shear is given by
Newton’s law of viscosity:

τ=η

𝑑𝛾
𝑑𝑡

(3.2)

Where η = the coefficient of shear viscosity of a fluid (Pa s).
According to the definition, the shear strain rate is:

𝛾̇ =

𝑑𝛾
𝑑𝑡

(3.3)

Moreover, the shear rate at a given point is equal to the velocity gradient at that point:
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𝑑𝑥
𝑑𝑥
𝑑𝛾 d ( 𝑑𝑡 ) d ( 𝑑𝑡 ) 𝑑𝑣𝑥
=
≡
=
𝑑𝑡
dt
dy
𝑑𝑦

(3.4)

Where dνx = the change in velocity in the x direction.
This equation indicates that the shear rate at a given point is equal to the velocity gradient
at that point. Newtonian fluids are the fluids which obey this rule. However, the majority
of polymers including epoxy resins are non-Newtonian fluids. That is to say the shear stress
is not proportional to shear strain rate.

Figure 3.12 - Phase lag between an applied oscillatory stress and a measured strain.[106]
Viscoelastic materials exhibit both viscous and elastic behaviour, so the phase lag between
an applied oscillatory stress and the resultant strain is between 0-90°(Figure 3.12).

The

expression of the applied stress τ, and the resultant strain𝛾, are given by Equations 3.5
and 3.6.
τ = 𝜏0 sin(𝑡𝜔 + 𝛿)

(3.5)

𝛾 = 𝛾0 sin(𝑡𝜔)

(3.6)

92

Experimental

Chapter 3

Where

ω = frequency of strain oscillation,
δ = phase lag between stress and strain,
t = time.

During network formation of a thermosetting polymer (such as an epoxy resin) cross- links
develop, thus the initial liquid-like behaviour becomes more solid-like with a
corresponding increase in viscosity.

Therefore, rheological studies are important in

understanding the cure behavior of an epoxy resin system.
In the processing of thermosetting polymers such as epoxy resins gelation is an important
rheological transition, since at this point in the reaction the polymer forms a percolated 3D molecular network and therefore loses its liquid properties and is no longer able to flow.
The most effective and practical methods to monitor gelation during network formation
are rheological tests.

For oscillatory-shear rheometry (used in this study) the storage

shear modulus G′(ω) and loss shear modulus G′′(ω) at the gel-point are given by
equation (3.7) [182-184]

tan 𝛿 =

G′′(ω)
G′(ω)

(3.7)

Also the complex modulus G∗ (ω) can be expressed as:
G∗ (ω) = G′ (ω) + 𝑖G′′(ω)

(3.8)

Complex or dynamic viscosity η∗ can be expressed as.
η∗ (ω) = η′(ω) + 𝑖η′′(ω)

η∗ (ω) =

G∗ (ω)
𝑖ω

(3.9)

(3.10)
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Figure 3.13 - Schematic diagram of the Thermo Scientific Haake MARS rheometer. [18]
In this study oscillatory shear rheological experiments were performed using a Thermo
Scientific Haake Modular Advanced Rheometer System (MARS) fitted with 35 mm
diameter disposable aluminium parallel plates set at a 0.5 mm gap, as shown in Figure 3.13.
The top plate is connected to the actuator and oscillates at the given frequency while the
bottom plate is fixed.

The measurements were taken at 2.00%±0.25% controlled

deformation-auto strain and 1 Hz frequency. Complex viscosity of systems η∗ were
measured under two types of thermal profiles: 1) Isothermal testing at 100 °C, 120 °C ,
140 °C, 160 °C, 180 °C for 300 minutes; 2) following the standard infusion cycle of 60
min at 80 °C and 120 min at 120 °C at a ramp rate of 1 °C per minute. The gel-point was
measured by means of a processing window (i.e. the time taken for the complex viscosity
η∗ to reach 100 mPas, as defined in ASTM D 4473-95). A 15-point moving average filter
[185] was used to reduce the noise of plots.

3.3.2 Thermal Analysis
3.3.2.1 Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) is a very important method of thermal analysis
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that measures the enthalpy changes associated with transitions in a sample as a function of
time and temperature. [131, 186-188] In this study, DSC was used to determine the degree
of cure of the RTM6-2 resin system.

Figure 3.14 - Schematic diagrams showing the key features of cell design for powercompensation DSC.
The sample in Figure 3.14 is shown contained in an aluminium pan with an empty
aluminium pan as the reference. Ts and Tr are, respectively, the temperatures of the
sample and reference. In power-compensation DSC, the separate energy inputs to the
sample and reference, Es and Er, respectively, are adjusted such that Ts = Tr as both cells
are heated or cooled. The atmosphere can be controlled by flowing a gas through the cell
enclosure. [131]
There are two types of DSC instrument which differ fundamentally in their design and
operation: power–compensated and heat-flux DSC. The schematic diagram of power–
compensated DCS shown in Figure 3.14 was the DSC type used in this study. [131] In
power-compensation DSC, a sample and inert reference material are heated or cooled
independently at a controlled rate in adjacent, their temperatures were recorded
simultaneously in separate cells, and the differential heat inputs to the sample were
monitored, the most important thing was that the reference required to be kept at exactly
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the same temperature.

In this study, the reaction enthalpies (∆𝐻) of RTM6-2 were measured by using a Perkin
Elmer Autoloading 8500 which is a double-furnace power-compensated DSC. Nitrogen
was used as the purge gas at a rate of 20 mLmin−1 and an intercooler was connected to the
system. The ∆𝐻 was measured by ramping the temperature of the furnace from 30 °C
to 300 °C at 10 °C min-1. A baseline calibration was applied before testing each sample
by subjecting an empty aluminium pan (6 mm diameter × 1 − 2 mm deep) to the
experimental temperature cycle. The samples tested were between 2 − 5 mg and each of
samples was repeated at least three times.
In order to determine a suitable cure cycle for an epoxy resin, the degree of conversion as
a function of time and temperature provides information on the reactivity.

𝛼=

Where

∆𝐻𝑝
∆𝐻𝑟
=1−(
)
∆𝐻𝑡𝑜𝑡𝑎𝑙
∆𝐻𝑡𝑜𝑡𝑎𝑙

(3.11)

𝛼= degree of cure
∆𝐻𝑝 = the heat of reaction of the partially reacted epoxy groups
∆𝐻𝑟 = the residual heat of reaction for unreacted epoxy groups
∆𝐻𝑡𝑜𝑡𝑎𝑙 = the total enthalpy of the reaction

A typical DSC trace of the change in heat flow of RTM6-2 resin is shown in Figure 3.15.
The change in heat flow is observed as a peak on the heat flow vs. temperature curve.
Each onset point can be find by drawing two tangents on the curves, then linked two onset
points, and the integration of the area underneath could be calculated by the Perkin Elmer
software, which gives ∆𝐻 for the system.
Isothermal DSC was conducted at five temperatures, 100, 120, 140, 160 and 180 °C to
simulate the thermal history of the rheometry studies. Thus, the degree of cure at any time,
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t, (α𝑡 ) during an isothermal run can be calculated from the value of reaction enthalpy up
until that time (∆𝐻𝑡 ) using
𝛼𝑡 = ∆𝐻𝑡 /∆𝐻𝑡𝑜𝑡𝑎𝑙

(3.12)

Figure 3.15 - Typical DSC trace for an RTM6-2 ramped up to 350 °C.

3.3.2.2 Dynamic mechanical thermal analysis (DMTA)
Dynamic Mechanical Thermal Analysis (DMTA) is a common technique used to
determine the viscoelastic properties of polymers, namely the storage and loss moduli of a
material as a function of temperature [189] and glass transition temperature (Tg), and is
often used to investigate the morphology of polymers and composites [190, 191]. In
DMTA, a specimen is subjected to a small-amplitude harmonic strain, and the resultant
stress measured, under a controlled heating programme.
For a perfectly elastic material, there is no phase lag between an applied strain and the
measured stress, whereas the phase lag in perfectly viscous materials is 90°. Epoxy resins,
typical of polymers, are viscoelastic – displaying both elastic and viscous behaviour with
a phase lag between 0 and 90°. The stress and strain within a specimen during DMTA can
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be measured using equivalent equations to those discussed in the rheology section (section
3.3.1), from which the loss and storage moduli can be calculated.

Figure 3.16 - Typical DMTA trace for an ES/RTM6-2 composite.
The Tg is observed during DMTA as the reversible transition of an amorphous polymer
from a rigid glass to a flexible rubber-like state [13], such that the measured storage
modulus drops rapidly whereas the loss modulus increases. As discussed in section 3.3.1,
tan  is the ratio between the loss and storage moduli and is a measure of the mechanical
damping with a polymer. As shown in Figure 3.16, typically Tg can be easily identified
as a peak on the tan -temperature curve. However, from an engineering viewpoint, the
definition of Tg is usually the point that the material stops behaving like a glass and tends
towards a rubber-like state, which is the onset of the drop in storage modulus. At this
point, the mechanical properties of the material will start to decrease rapidly, thus knowing
this temperature is of more value in terms of aerospace applications. However, finding
the onset can be subjective as drawing two accurate tangents on the storage modulustemperature curve which is often very difficult (see Figure 3.16). Therefore, both values
will be reported in this study.
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In this study the dynamic mechanical properties of the composites were determined using
a PerkinElmer DMA8000 in dual cantilever bending mode (Figure 3.17). The dimensions
of the specimens were 40 mm in length, 10 mm in width and 2-3 mm in thickness.
Rectangular specimens were tested from 30 °C to 350 °C at a ramp rate of 5 °Cmin−1 and
a frequency of 1 Hz.

Figure 3.17 - Dual cantilever test mode in DMTA. [190]

3.3.3 Scanning electron microscopy (SEM)
Before imaging, the specimens were washed in an ultrasonic bath and dried for 4 h at 60 °C
under vacuum. In order to improve the contrast of the phase structure, the PAEK phase
was chemically etched by tetrahydrofuran (THF) for 72 hours then washed and dried [9].
To prevent charging of the specimens they were first fixed to aluminium stubs with
conductive carbon paper, then coated with a gold-palladium (AuPd) layer of 200 Å
thickness [8] in an Edwards S-150-HB sputter coater, and finally had their edges painted
with conductive silver paint. Images were taken on a Phillips XL30 FEG SEM operated
at 10 kV.

3.3.4 Ultrasonic C-Scanning
In this study the composite panels were scanned using a 5 MHz transducer (probe). The
tests were run at 100 mm s−1, and both grid size and index step were 200 μm.

All the
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specimens were tested after cutting, to assure the quality, and then all the impacted
specimens were tested again in order to determine the damage features such as the shape
of delamination, the damage width and the damage area.
C-scans produce only qualitative data rather than quantitative data on void content or
delamination.

Depending on the nature of the defect, the transmitted signals are

attenuated and the received signals translated into grey scale values. The results then can
be viewed either in grey scale threshold or different colours. The amplitude (peak height)
of the received signal varies because of defects therefore by adjusting grey scale threshold
a defect or delamination can be found.

3.3.5 Acid Digestion
The volume fractions of the constituents are important factors in determining the
mechanical properties of composites. As a result, the volume fractions of the constituents
of composites were measured according to ASTM D3171[192].

A sulphuric acid

/hydrogen peroxide mixture was used to digest the polymer matrix. Three specimens
(each ≈1 g) per panel were tested and average values calculated.
The density of composite was measured using a Mettler Toledo XP205 Delta Range®
electronic balance with a density measurement kit. The specimens were first dried at
70°C for five days, and then their weights in air and in water were measured. The density
of a specimen was calculated using Archimedes’ principle [193]:

ρ=(

where

𝑊
) (𝜌𝑙𝑖𝑞𝑢𝑖𝑑 − 𝜌𝑎𝑖𝑟 ) + 𝜌𝑎𝑖𝑟
𝑊 − 𝑊𝑙𝑖𝑞𝑢𝑖𝑑

(3.13)

ρ = the density of the sample,
𝑊 = the weight of the sample in air,
𝑊𝑙𝑖𝑞𝑢𝑖𝑑 = the weight of the sample in the auxiliary liquid (distilled water),
𝜌𝑙𝑖𝑞𝑢𝑖𝑑 = the density of the auxiliary liquid.
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𝜌𝑎𝑖𝑟 = the density of air (0.0012 g/cm3)

After the density measurement, the composite specimens were placed in separate beakers
and boiled in 25 mL of 100% sulphuric acid and heated at 160 °C in a sand bath until the
mixture starts to fume. After the solution becomes dark (with no appreciable change in
colour for 5 min) approximately 35 mL of 30% hydrogen peroxide was added down the
beaker as the oxidising agent. Once digested, the mixture was filtered under vacuum with
a glass filter, then washed with distilled water and dried at 100 °C overnight. Finally the
dry weight of carbon fibres was measured.
The constituent percentages of composite materials were calculated using the following
equations. [194]
Mf
) × 100
Mi

(3.14)

Vr = (

Mf
ρc
) × 100 ×
Mi
ρr

(3.15)

Wm =

Mi − Mf
× 100
Mi

(3.16)

Mi − Mf ρc
×
× 100
Mi
ρm

(3.17)

Wr = (

Vm =

Vv = 100 − (Vf + Vm )
Where

(3.18)

Mi=initial mass of the specimen, g
Mf=final mass of the specimen after digestion or combustion, g
ρr =density of the CF reinforcement, , (1.76 g/cm3 [195] )
ρc =density of the specimen, g/cm3.
ρm =density of the matrix, g/cm3, which is 1.14 [179]
Wr=Reinforcement Content, Weight Percent
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Wm=Matrix Content, Weight Percent
Vr=Reinforcement Content, Volume Percent
Vm=Matrix Content, Volume Percent
Vv=Void Volume
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3.3.6 Mechanical Testing
3.3.6.1 Fracture Toughness
Generally, as laminated fibre reinforced polymer composites consist of layers high
modulus fibres and a much lower modulus matrix, they are susceptible to delamination
damage upon impact. [196]

Subsequently, interlaminar fracture toughness is a key

parameter to determine the mechanical performance of composites under conditions such
as compression, impact, compression after impact and fatigue. [171]

This section

describes the methods used for measuring the interlaminar fracture toughness in Mode-I
and Mode-II tests.

3.3.6.1.1 Mode-I Interlaminar Fracture Toughness Test- Double Cantilever Beam
(DCB)

Figure 3.18 - Dimensions and configuration of the DCB specimen.
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The Mode-I interlaminar fracture toughness (IFT) test used followed the ASTM D552801 standard [197]. As described in earlier an ETFE release film with a thickness of 13
μm was inserted at the mid-plane of laminate during the lay-up. The opaque blue colour
of the film allowed easy identification of the initiation site of the delamination in the cured
carbon fibre composite. As shown in Figure 3.18, specimens were cut from flat composite
panels (160 mm x 20 mm); their sides were coated white with a thin layer of Tipp-Ex and
a scale was marked every 1 mm for 50 mm. Piano hinges were bonded on the specimen
by adhesive Araldite® Strength in Bonding 2000+ epoxy resin system (cure for 18 hours
to give full bond strength). An Instron 5969 universal testing machine with a load cell of
10 kN was used to perform the Mode I testing at a crosshead displacement speed of 3
mm/min. (Figure 3.19 )

Figure 3.19 - Mode-I IFT specimen: before testing (left), and during testing (right).
There are three methods listed in the ASTM D5528-01 standard [197] to calculate the
Mode-I strain energy release rate, GIC: a compliance calibration (CC); a modified
compliance calibration (MCC) and a modified beam theory (MBT) method. The GIC
values calculated by the different methods typically give only 3% variation, however the
ASTM standard indicates that the MBT method is the recommended method as it gives the
most conservative values of GIC for 80% of the specimens tested. [197] For the MBT
method, GIC is given as follows:
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𝐺𝐼𝐶 =

Where

3𝑃𝛿
2𝑏(𝑎 + |∆|)

(3.19)

P = load,
𝛿= displacement,
b = specimen width,
a = delamination length,
|∆| = correction factor for delamination length

The delamination length is the sum of the initial delamination length plus the increment of
growth during testing determined from the tick marks. To correct the rotation that may
occur at the delamination front, ∆ is introduced to treat the DCB as if it contained a slightly
longer delamination, (a +|∆|) [197]. ∆ can be determined experimentally by generating a
least-squares plot of the cube root of compliance, C1/3, as a function of delamination length
(see Figure 3.20). The compliance, C, is the ratio of the displacement to the applied load,
𝛿/𝑃.

Figure 3.20 - Determination of ∆ for DCB test [198]
3.3.6.1.2 Methods of Identifying Delamination Initiation
Accurate identification of delamination initiation by visual inspection is usually difficult
and highly dependent by the operator. There are three approaches of relating points of the
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load-displacement curve proposed in ASTM D5528-01 for identifying the initiation of
delamination.

(a)

(b)

(c)
Figure 3.21 - Load–displacement curves for DCB tests, (a) brittle matrix, (b) tough matrix,
showing stable crack growth, and (c) unstable crack growth. [196]
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Visual observation (VIS)
When the delamination is seen to initiate from the insert on either edge of the specimen, a
visually observed initiation value for GIC should be recorded corresponding to the load and
displacement at the first point.

Deviation from linearity (NL)
Typically, the initiation value for GIC can be calculated from the load and displacement at
the onset of nonlinearity (NL), or the point of deviation from linearity. This calculation
is based on an assumption of that the delamination starts to propagate from the insert in
the interior of the specimen at this point [197]. The GIC value at NL point gives a lower
bound value. In a brittle matrix system, the NL value is generally at the same point as the
VIS value (see Figure 3.21 (a)). However, in a tough matrix system, the NL indication of
initiation may occur before the visual observation of initiation of delamination at the
specimen edges (see Figure 3.21 (b)).

5% offset/maximum load (5%/Max)
According to ASTM D5528-01, the value of GIC can also be determined from the
intersection of the load-deflection curve with a line drawn from the origin and offset by a
5% increase in compliance from the original linear region of the load-displacement curve.
If the intersection occurs after the maximum load point, then the maximum load should be
used for the initiation value for GIC calculation.

3.3.6.1.3 Mode-II Interlaminar Fracture Test- 4-Point Bend End-Notched Flexure (4ENF)
For the Mode-II fracture toughness test, the most common way to determine the Mode-II
strain energy release rate, GIIC, of laminate composites is the three-point bend end-notched
flexure (3-ENF) test. However due to the three-point bend configuration , there is a
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vertical shear force acting within the delaminated regions which causes friction at the
delamination tips which may result in unstable delamination growth [52]. In order to
make sure the stability of the crack growth is under displacement control, the four-point
bend end-notched flexure (4-ENF) test has been proposed as an alternative Mode-II test
method. [50-52].
In this study, the 4-ENF test was used to determine the Mode-II fracture toughness, and
the procedure detailed followed those of previous studies. [50-52] The configuration and
the dimensions of a 4-ENF specimen are shown in Figure 3.22. The specimens were cut
from the same samples prepared for the Mode I test, at dimensions of 160 mm long and 20
mm wide with an insert film length of 50 mm. The spans for the loading rollers and the
supporting rollers were 60 mm and 100 mm, respectively. Thus, the effective initial
delamination length (a0) was 30 mm. The sides of each specimen were coated white with
a thin layer of Tipp-Ex and a scale was marked every 1 mm for 50 mm.

Figure 3.22 - Fixture for mode II testing; all dimensions in mm.

108

Experimental

Chapter 3

Figure 3.23 - Experimental set-up for the four-point bend end-notched flexure (4-ENF)
test: before testing (left), and during testing (right).
The 4-ENF tests were performed using an Instron 5969 universal testing machine with a
load cell of 10 kN. (Figure 3.23 ) The crosshead displacement speed was 5 mm/min for
the pre-crack (extend the starter crack beyond the resin pocket at the end of the insert)
[199], 0.5mm/min for the remaining length and 10 mm/min for return when the
delamination length was around 40 mm. The strain energy release rate, GIIC, could be
calculated by the following equation:

𝐺𝐼𝐼𝐶 =

Where

𝑃2 𝜕𝐶
2𝑏 𝜕𝑎

(3.22)

P = Load,
b = Specimen width,
C = Compliance
a = Delamination length,
∂C/∂a = Slope of the compliance to the delamination length in the
Compliance Calibration (CC) chart (see Figure 3.24).
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Figure 3.24 - ∂C⁄∂a for ENF test. [198]
3.3.6.2 Impact Resistance
Impact testing in this study was carried out on an Instron Ceast 9350 High Velocity Impact
Testing machine controlled by CeastVIEW 5.94 3C software. As the materials were
limited, the test followed a method introduced by Prichard and Hogg [80], named as the
QMW (Queen Mary and Westfield College) impact method. Compared to the ASTM
D7136 standard [200], the QMW method reduced the specimen size from 150 mm×100
mm to 89 mm×55 mm and the methods much easier to apply in a university laboratory.
The test configuration is shown in Figure 3.25 and a schematic diagram of the test rig setup
is shown in Figure 3.26. The specimen was clamped between two plates, each with a 40
mm diameter circular opening, and the damage was initiated and propagated by a strike
from a 20 mm diameter hemi-spherical tup with a mass of 5.048 kg at four different
energies: 5.6 J, 8J, 10 J and 15 J by releasing the tup from different heights. The levels of
impact energy were chosen by experience. However, the lack of consideration given to
the corresponding damage areas may result in damage area data unreliable, once the
damage reached the boundary of testing area. 200 J was used for high-energy penetration
impact testing using the hydraulic system to accelerate the striker to provide enough energy
for the tup to penetrate the specimens. Three specimens were tested for each material at
each energy.
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Figure 3.25 - Impact test configuration. [18]
Energy vs. time, force vs. time and force vs. deformation graphs were generated from the
results exported from the software. The maximum contact force, contact time, maximum
deflection, permanent deflection and absorbed energy were also measured. The damage
area was determined using C-Scan, and the dent depth was measured using a digital dial
gauge.

Figure 3.26 - Schematic showing impact test conditions. [80]
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3.3.6.3 Compression after impact (CAI)
The most common way to determine the damage tolerance of a laminated composites is to,
measure the residual strength of specimens following an impact test. An impact would
normally generate delamination, which is a typical internal damage and will lead to
premature collapse when a compressive loading is applied. The ply layup and specimen
width are the main factors affecting the failure load of a damaged specimen in a
compression test. Thus, the test is a component test rather than a material test, and the
specimens’ dimensions and the test conditions should be consistently maintained [201].
In order to ensure that compressive failure is triggered by the impact damage, thin
specimens are tested. However, buckling of the specimen prior to the failure can occur
under in-plane compression loading in a thin specimen, as a result anti-buckling support
fixtures should be used. In this study, CAI testing was performed on an Instron 5989 600
kN Electro-mechanical testing machine. The testing procedure followed Prichard and
Hogg’s QMW method [80] and the test rig is shown in Figure 3.27 and Figure 3.28. The
specimen size was 89 mm × 55 mm, loaded at a constant cross-head rate of 0.5 mm/min.
For each material three specimens were tested for each impact energy and a Canon E60D
camera was used to record the compressive failure of specimens.

Figure 3.27 - Schematic of a typical CAI test fixture with Specimen in Place. [202]
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Figure 3.28 - CAI test configuration.

3.3.6.4 Open-Hole Compression (OHC)

Figure 3.29 - OHC specimens with the hole diameter of 3mm, 5mm, 8mm, 10mm.
Open-hole compression (OHC) testing is a widely used method to determine damage
tolerance and to predict the failure of composite laminates. [2] In this study, in order to
compare the residual compression strength of samples with damage generated by impact
with those with a fixed size hole, all the OHC specimens were cut to the same size as the
specimens used in the QMW CAI test (89 mm × 55 mm) [80]. Cleveland HSS (highspeed steel) ground flute jobber drills were used to drill holes with diameters of 3 mm, 5

113

Chapter 3

Experimental

mm, 8 mm and 10 mm in the centre of the specimens, then the hole diameter was measured
using Vernier callipers. The fixture and test method used was the same as the CAI tests
described in Section 3.3.6.3.
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CHAPTER 4
RESULTS AND DISSCUSSION
4.1 Composite Processing
4.1.1 Resin Viscosity and Degree of Cure

Figure 4.1 - Experimental isothermal complex shear viscosity and degree of cure (α, from
DSC) versus time for RTM 6-2.
The results of the isothermal rheometry are shown in Figure 4.1. Upon isothermal
heating RTM6-2 at 100 ºC, 120 ºC or 140 ºC the initial viscosities are in the range of 3060 mPas. After 100 minutes, the viscosities remain are in the range of 45-65 mPas as
the degrees of conversion generated (as measured by isothermal DSC) are low, ranging
from 7% to 18%. This indicates that for resin infusion or injection, the processing time
could easily be extended to more than 100 minutes without excessive increases in resin
viscosity.
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However, upon increasing the temperature to 160 ºC or 180 ºC, the viscosity of RTM6-2
increased rapidly, reaching values >100 mPas, which is considered as an effective gel
point (according to ASTM D4473 [203]) within 20 and 40 minutes, respectively, due to
the high degrees of conversion attained (30% and 43% respectively).

Based on these

results, the mould temperature for manufacture was chosen to be 120 ºC.

Similar results

are indicated in the RTM6 and RTM6-2 datasheets [179, 204] as shown in Figure 4.2,
which implies that the mixing method in this study works well and the quality of the resin
used in this study is reliable.

Figure 4.2 - HexFlow® RTM 6/RTM6-2 isothermal complex shear viscosity versus
time from Hexcel datasheets.[179, 204]
The effect on resin viscosity of mixing the components of RTM6-2 at 80 ºC for 60 minutes,
followed by infusion of the resin into a RI lay-up at 120 ºC is shown in the rheometry
trace in Figure 4.3, which is the standard processing cycle suggested by the RTM6-2
datasheets.[179] Upon heating to 120 ºC, the viscosity of the mixed resin drops from
160 to approximate 30 mPas and rises only slowly up to 60 mPas over a 120 minute
period at 120 ºC.

Thus, RTM6-2 exhibits good process stability at 120 ºC allowing

extended infusion times.

The RTM6 and RTM6-2 datasheets [179, 204] contain very

similar results as shown in Figure 4.4, except that the initial value of viscosity determined
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experimentally is up to 20% (40 mPas) lower than the value given in the datasheet.

Figure 4.3 - Experimental RTM6-2 complex shear viscosity versus time during a
standard injection cycle.

Figure 4.4 - Complex shear viscosity versus time during a standard injection cycle from
Hexcel RTM6 datasheets. [179, 204]
4.1.2 Composite Quality
In Table 4.1, the results of resin digestion analysis showed both laminates produced by
RI process to be of good quality, with very low void contents. However, the fibre volume
fractions (Vf) were very low, particularly for the treated ES fabric. The reason for this is
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the large volume of PAEK treatment applied to the ES fabric (measured at 20.0 ±0.3 wt. %
by resin digestion of the ES fabric) which increases the thickness of the fabric but
contributes only to the matrix fraction. The use of vacuum-only pressure in RI gives
insufficient compaction to produce laminates with values of Vf of ≥55%. Consequently,
a hybrid moulding technique (termed HP), combining RI with hot-press moulding, was
used to produce laminates with higher fibre volume fractions and this is described in the
next section.

Laminate

Vf (%)

Vm (%)

Vv (%)

T300/RTM6-2 RI

51.2±0.3

47.2 ±0.4

1.6±0.2

ES/RTM6-2 RI

32.4 ±0.7

65.1 ±0.8

2.5±0.2

Table 4.1 - Typical volume fraction results of matrix digestion of RI laminates

Figure 4.5 - Typical C-Scan result of a laminate produced by RI processing.
In order to measure the quality and determine the position of voids or defects generated
during manufacture of each laminate panel, ultrasonic C-Scanning was used to ensure
that all the panels used for mechanical testing are without significant defects.

A typical

C-Scan result of a laminate produced by RI processing in Figure 4.5 shows the voids are
mainly distributed at the edges and corners of the panel. Therefore, before cutting of
test specimens from the panel 20 mm was trimmed from each edge (and any parts with
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significant defects were trimmed down) in order to guarantee the mechanical properties
of specimens would not be affect by the voids.

Laminate

Vf (%)

Vm (%)

Vv (%)

T300/ RTM6-2 HP for CAI

57.1 ±1.0

40.0 ±1.4

2.6 ±0.3

ES/ RTM6-2 HP for CAI

55.1 ±1.2

42.3 ±1.8

2.6 ±0.9

T300/ RTM6-2 HP Mode I/II

58.7 ±0.6

38.9 ±1.2

2.4 ±0.7

ES/ RTM6-2 HP Mode I/II

56.9 ±1.1

42.5 ±1.9

3.4 ±0.4

Mean

57.0 ±1.0

41.0 ±1.6

2.8 ±0.6

Table 4.2 - Typical volume fraction results from matrix digestion of HP laminates.

Figure 4.6 - Typical C-Scan result of a laminate produced by HP processing.
Table 4.2 shows the hybrid (HP) process produced good quality laminates with much
higher levels of compaction (due to application of higher pressure – as described in
section 3.2.2.2), and hence much greater values of Vf, (as described in the next section,
4.1.3) than RI which uses vacuum-only pressure for compaction. The Vf of laminates
for Mode I/II testing is slightly higher than the laminates for CAI, this is because the
stacking sequence of the Mode I/II laminate is [0]24, i.e. 24 layers of unidirectional fabric,
which gives less possibility of creating resin pockets and thus voids. Figure 4.6 shows a
typical C-Scan result of a laminate produced by HP processing; it is difficult to find voids
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due to the significantly higher pressure applied during this manufacturing process.
Cutting of specimens could also cause damage, therefore all the specimens for
impact/CAI were C-Scanned before and after impact, in order to make sure that the
delamination/damage area was created by impact rather than generated during processing.
After drilling the holes in OHC specimens, all the specimens were C-Scanned as the
torque of the drill might damage the edges of the holes and introduce cracks.

4.1.3 Development of Hybrid RI/Hot Press (HP) Technique
ES Fabric/ RTM6-2

T300/ RTM6-2

Laminate

Theoretical Fibre

Laminate

Theoretical Fibre

Thickness (mm)

volume Fraction

Thickness (mm)

volume Fraction

4.75

40%

4.09

40%

3.80

50%

3.27

50%

3.16

60%

2.73

60%

2.71

70%

2.34

70%

2.37

80%

2.05

80%

Table 4.3 - Laminate thickness vs. theoretical fibre volume fraction of 16 layers laminates.
In order to produce composites with Vf ≥55%, the thickness of the laminate has to be
controlled; therefore a prediction of the relationship of laminate thickness to theoretical
fibre volume fraction was made using Equation 3.1 (as discussed in Section 3.2.2.2).
The areal weight of the ES and T300 fabrics were measured as 0.021g/cm2 (SD=0.03) and
0.018g/cm2 (SD=0.03), respectively. The CAI laminate thickness and the expected
theoretical fibre volume fraction for both fabrics are shown in Table 4.3 and Figure 4.7.
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Thickness（mm）

5.00
ES Fabric
T300 fabric

4.50
4.00
3.50
3.00
2.50
2.00
40%

50%

60%

70%

80%

Fibre Volume Fraction

Figure 4.7 - Laminate thickness vs. theoretical fibre volume fraction for 16 layer laminates.
However, this prediction is based on the assumption that the two fabrics have different
areal weight; whereas in this case the only difference between the ES and T300 fabrics is
the thermoplastic coating on the ES fabric, and their areal densities should be same. To
show this, the thermoplastic coating was removed from a sample of ES fabric by resin
digestion. The measured fibre weight fraction was 80 ± 2.9 %. That is to say, the ES
fabric’s areal density is 0.017 g/cm2 (SD=0.0005 g/cm2), which is equivalent to that of
the T300 fabric. Therefore, in order to reach 55-60% Vf the thickness of should be 2.73
mm.

Using the same method, the thickness of Mode I/II specimens was determined to

be 4.09 mm for a 24 layer laminate with a theoretical 60% Vf.
After calculating the thickness of a laminate, metal stops are made with thicknesses of
2.7 mm and 4 mm, respectively, for the CAI/OHC and Mode I/II tests. The hybrid
process (HP) was discussed in detail in Section 3.2.2.2. The pressure of hot-press was
controlled carefully, because insufficient pressure would not give the target thickness and
excessive pressure could cause the stops to damage the mould plate.
During the lay-up stage, the ES fabric showed significant advantages in handling
compared to the T300 fabric, in particular it was much easier to cut without losing tows
at the edges /corners, and felt similar to cutting pre-preg, whereas the untreated T300
fabric had to be taped to fix the shape and prevent fraying at the corners and edges (loose
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tows can also lead to failure in sealing the vacuum bag).

4.1.4 Glass Transition Temperature (Tg)
Sample

Tan δ Peak
Tg ( °C)

Drop in E´
Tg ( °C)

T300/RTM6-2 RI

212 ±1.5

202 ±1.6

ES/RTM6-2 RI

212 ±2.6

202 ±2.5

T300/RTM6-2 HP

209 ±2.3

186 ±4.4

ES/RTM6-2 HP

206 ±0.5

181 ±1.4

Table 4.4 - Glass transition temperature (Tg) measured by DMTA.
The dynamic mechanical behaviour of laminates was measured up to 300 ºC at a heating
rate of 5 ºC /min and 1 Hz frequency. The results in Table 4.4 show that Tg (tan δ peak)
and the engineering Tg (onset of the drop in storage modulus E´) for all laminates
produced by the RI and HP processes.
similar shapes.

Tan δ and modulus curves of both system shown

However, both the Tg and the engineering Tg of RI processed laminates

are slightly higher than the HP processed.

The possible reason, could be the different

curing equipment resulted in the slightly different curing cycle.

Compare to the hybrid

curing method, there is a larger lag between mould temperature and the oven temperature
for the oven curing, so that the duration of laminate in oven at 180 ºC could be longer
than expected.

It might cause the higher Tg for oven curing.

Moreover, for the PAEK

toughened system, the resin volume fraction of the laminate made by RI is higher than
HP (as shown in Table 4.1 and Table 4.2), and therefore contains a relatively lower weight
fraction of PAEK. The addition of a thermoplastic toughening component to an epoxy
resin tends to decrease the Tg. [3, 4]

This also explains the appearance of a small

shoulder at approximately 180 ºC on the tan δ peak in Figure 4.8 (b). Moreover, the tan
δ peak value of the ES/RTM6-2 system is about 20% higher than that of T300/RTM6-2,
and the width of the peak (at half maximum) of ES/RTM6-2 system is 60% wider than
that of T300/RTM6-2. All of these differences indicate a greater amount of PAEK within
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the epoxy matrix.
After the engineering Tg the storage modulus decreases rapidly, as the composite matrix
changes from the glassy to the rubbery state. Therefore, for engineering applications the
service temperature of ES/RTM6-2 and T300/RTM6-2 should be lower than 180 ºC,
which is still a relatively high service temperature for polymer reinforced composite
materials.
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Figure 4.8 - Typical DMTA data for (a) T300/RTM6-2 RI and (b) ES/ T300/RTM6-2 HP
laminates cured using the standard curing cycle.
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4.2 Interlaminar Fracture Toughness
4.2.1 Mode I Fracture Toughness
Typical load–displacement curves of T300/RTM-2 and ES/RTM6-2 DCB specimens are
shown in Figure 4.9, the curves for all these specimens exhibited a linear region at the
beginning followed by a downturn in the load. The gradient of the initial linear regions
are similar. The gradient of the load/displacement curve varies depending on the elastic
coefficient of the material as Kuwata et al[169] showed that the gradient changed with
variations in the reinforcement.

In this study, as there is only one type of reinforcement,

the results indicate that the addition of PAEK results in relatively little variation in the
elastic coefficient of the composite.

With increasing displacement, a sudden drop in

load was observed (giving jagged shape curves) for both the ES/RTM6-2 and
T300/RTM6-2 as the crack started propagating from this point.
system, the crack initiation was later than T300/RTM6-2.

For the ES/RTM6-2

The crack propagation of

T300/RTM6-2 is more stable and similar in shape to brittle systems shown in the
literature[196], indicating that the RTM6-2 matrix is a brittle system.

However, the

curve of the ES/RTM6-2 system is much more unstable, indicating that the addition of
PAEK both delays the crack initiation and give unstable propagation which could result
from the bridging failure of secondary phase particles.

Kuwata et al[169] reported

similar unstable propagation caused by fibre bridging.
Figure 4.10 shows typical R-curves of T300/RTM-2 and ES/RTM6-2 DCB specimens;
the GIC of ES/RTM6-2 for crack propagation is about 3 times higher than that of
T300/RTM-2. The value of GIC for ES/RTM6-2 during crack propagation is dropped
slightly with increasing delamination length whereas the GIC of T300/RTM6-2 is
relatively stable during crack propagation.
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Figure 4.9 - Typical DCB load–displacement curves of T300/RTM6-2 and ES/RTM6-2.
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Figure 4.10 - Typical R-curves of T300/RTM6-2 and ES/RTM6-2 DCB.
Figure 4.9 and Figure 4.10 reveal that both load and GIC for ES/RTM6-2 specimens
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decays faster than the reference material, which remains more or less constant.

It is

clear that not all the aspects of ES/RTM6-2 have been improved, although the level of the
crack propagation GIC for ES/RTM6-2 is still much greater. The reason could be that the
ES/RTM6-2 specimens introduced the PAEK toughening interlaminar layers, which
perform higher toughness and low stiffness.

Therefore,

with the increase of

delamination length, more deflection happened because of its higher elastic deformation,
so the load drops faster, thus the GIC-prop for ES/RTM6-2 specimens decreased with the
increasing of delamination length as well.

GIC-init 5%/Max

GIC-init VIS

GIC-init NL

GIC-prop

(Jm-2)

(Jm-2)

(Jm-2)

(Jm-2)

T300/RTM6-2 HP

245 ±22

240 ±19

216 ±7.2

313 ±29

ES/RTM6-2 HP

829 ±103

730 ±178

751 ±105

647 ±117

Sample

Table 4.5 - Mean Mode-I fracture toughness values.
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Figure 4.11 - Mode I initiation and propagation energy release rate values for ES/RTM62 and T300/RTM6-2
Table 4.5 and Figure 4.11 present the results that Mode I initiation and propagation energy.
A significant improvement could be seen in all GIC values with the use of the PAEK126
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treated ES fabric, although the standard deviations increased as well.

Thus, the

equivalent initiation values show at least a 3 times increase (factors of ≈ × 3.4, 3.1 and
3.5 for 5%//Max to NL, respectively) and a greater than 2 times increase (2.1) in the
propagation value. Cheng et al [8] reported a similar toughening effect for a BMI system
using a PAEK coated carbon fabric.

Figure 4.12 - Images of the fracture surface of DCB test specimens: (a) T300/RTM6-2,
(b) ES/RTM6-2.
Figure 4.12 shows no evidence of major fibre bridging, which could result in higher
fracture energy, [60] and that the fracture surfaces of toughened specimens are relative
rough whereas those of the untoughened specimens are much smoother. This implies
that the T300/RTM6 system is more brittle than ES/RTM6.
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(a)

(b)

(c)

(d)
PAEK

RTM6-2

Figure 4.13 - SEM micrographs of mode I fracture surfaces: (a) onset of T300/RTM6-2
1000×, (b) ES/RTM6-2 500×, (c) ES/RTM6-2 2000×, (d) ES/RTM6-2 2000×
SEM was used to find the location of the PAEK phase and to investigate the effect of
PAEK on the toughening of RTM6-2.

In Figure 4.13 (a), the fracture surface of

untoughened system is evenly smooth, with no crack bifurcation and deflection,
indicating the crack propagated along the interface between the fibre and the matrix.
Figure 4.13 (b)shows the characteristic hackle marks typical of samples tested under
conditions leading to shear delamination [205].

However, the matrix resin failed by a

series of parallel cracks, formed steps at an angle of 45 ºto the fibre direction, implying
that crack deflection, bifurcation and blunting occurred in these toughened composites.
There is no fibre pull-out on the fracture surface, which confirms the lack of fibre bridging.
The fracture surfaces of composites toughened with the PAEK coating were much rougher
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(Figure 4.13 (c)) than those of the untoughened. Figure 4.13 (d) shows a phase inverted
particulate structure in which RTM6-2-rich particles are surrounded by a continuous
PAEK-rich phase. The particles are quite small, with diameters of 0.8-1μm. Cavitations
from debonding of the particles and plastic yielding of the RTM6-2-rich or PAEK-rich
phases are recognized as toughening mechanisms in these multiphase systems. In the
Mode I test, crack propagation resulted in plastic deformation of RTM6-2 particles to
(elliptical) prolate spheroids.

The deformation of RTM6-2-rich particles and the plastic

failure of the PAEK phase results in the increase in GIC compared to the reference material.
The cracks propagate through fracture of the continuous PAEK-rich phase by tearing
under the local tensile loading conditions.

Higher crack energy may be absorbed by

PAEK phase compared to the untoughened system. A similar phase-inverted morphology
was reported for PAEK toughened BMI by Cheng et al [8].

4.2.2 Mode II Fracture Toughness
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Figure 4.14 - Typical load-displacement curves of T300/RTM-2 and ES/RTM6-2
specimens for the 4ENF test
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Typical load-displacement curves of T300/RTM6-2 and ES/RTM6-2 specimens during
the 4ENF test are shown in Figure 4.14. The threshold of the load drop was regarded as
crack initiation, and the threshold load of ES/RTM6-2 is approximate 3 times of that of
T300/RTM-2. The crosshead displacement of T300/RTM6-2, is only about half of that
of T300/RTM-2 at equivalent delamination length indicating that, under the load, a Mode
II crack in T300/RTM6-2 propagated much faster than in ES/RTM6-2.

Figure 4.15

shows that the Mode II fracture toughness GII of ES/RTM6-2 increased with the
delamination length, the values are about 5 times that the value of T300/RTM6-2 which
remains relatively stable.
In agreement with the Mode-I data (Table 4.5 and Figure 4.11), the Mode-II data in Table
4.6 and Figure 4.16 shows a very significant increase in all GIIC values with the use of the
PAEK-treated ES fabric. Thus, the equivalent initiation values show essentially a 4 times
increase (factors of ≈ × 4.3, 4.2 and 3.9 for 5%/Max to NL, respectively) and a greater
than 5 times increase (5.3) in the propagation value. In open literature, an almost 3 times
increase (×2.91) in GIC has been reported for a similar PAEK-treated (20.2 wt.%) carbon
fabric with a BMI matrix [8], although the increase in GIIC was only × 1.8. However,
Ramirez et al[171] reported a 4-fold GIIC improvement for a carbon fabric composite
toughened by 40 gsm PEEK veils.

GIIC-init 5%/Max

GIIC-init VIS

GIIC-init NL

GIIC-prop

(Jm-2)

(Jm-2)

(Jm-2)

(Jm-2)

T300/RTM6-2 HP

897 ±116

840 ±82

857 ±99

733 ±45

ES/RTM6-2 HP

3820±325

3519 ±480

3316 ±372

3868 ±329

Sample

Table 4.6 - Mean Mode-II fracture toughness values.
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Figure 4.15 - Typical R-curves of T300/RTM-2 and ES/RTM6-2 specimens for 4ENF
test
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Figure 4.16 - Mode II initiation and propagation energy release rate values for ES/RTM62 and T300/RTM6-2
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(a)

(b)
Figure 4.17 - Images of the fracture surfaces and side views of 4ENF test specimens: (a)
T300/RTM6-2, (b) ES/RTM6-2.
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Shear Stress
PAEK

RTM6-2

Figure 4.18 - SEM micrographs of Mode-II fracture surfaces: (a) onset of T300/RTM6-2
500×, (b) onset of ES/RTM6-2 500×, (c) ES/RTM6-2 500×, (d) ES/RTM6-2 5000×
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Similar to Mode I testing, the T300/RTM6-2 specimens in these tests showed smoother
and more even fracture surfaces whereas the ES/RTM6-2 specimens had very rough
fracture surfaces.

Comparing SEM micrographs of onset of both samples (Figure 4.18

(a) and (b)), hackle marks were only observed for the ES/RTM6-2 specimens.

Phase

separation and phase inversion is also observed for the ES/RTM6-2 specimens in Mode
II tests (Figure 4.18 (c)), which shows extensive deformation following four-point
bending. At a higher magnification (Figure 4.18 (d)), the PAEK-rich phase is seen to be
sheared with little cavitation/debonding or deformation of the RTM6-2-rich particles.
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4.3 Impact Damage Resistance
4.3.1 Low Velocity Impact
The low-energy impact resistance of the T300/RTM6-2 (RI and HP) and ES/RTM6-2 (RI
and HP) systems was investigated at impact energies of 5.6 J, 8J, 10 J and 15 J.

Figure

4.19 shows typical force and energy vs. time curves, in this plot, damage threshold force
Fd, peak force Fp, peak energy Ep, absorbed energy Ea, critical energy Ec and contact time
tc are identified, which are key factors to characterize impact damage resistance.
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Figure 4.19 – Typical force and energy vs. time curves of 2.8 mm thick composite
impacted at 5.6 J in this study. Fd = Damage threshold force, Fp = Peak force, Ep = Peak
energy, Ea = Absorbed energy, Ec = Critical energy, tc = Contact time.
Force and energy vs. time curve of each sample impacted under 5.6 J, 8 J, 10 J, 15 J are
listed in Figure 4.20 for RI specimens, and Figure 4.21 for HP specimens.
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T300/RTM6-2 RI

ES/RTM6-2 RI

5.6 J

8J

10 J

15 J

Figure 4.20 – The force and energy vs. time of RI specimens impacted with 5.6 J, 8 J,
10 J, 15 J.
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T300/RTM6-2 HP

ES/RTM6-2 HP

5.6 J

8J

10 J

15 J

Figure 4.21 - The force and energy vs. time of HP specimens impacted with 5.6 J, 8 J,
10 J, 15 J.
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The four groups of raw data of impact results reveals that, the shape of Force-time (F-t)
curves and Energy-time (E-t) curve for same system manufactured by same method looks
very similar although they are shifted. Among the same type of sample, the damage
threshold force (DTF) and maximum contact force (MCF) are almost same.
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Figure 4.22 – Damage threshold force vs. impact energy of the composites.
The DTF is indicated by the first obvious sudden drop in load [48, 64, 206-208]. This
drop results from either interfacial failure or matrix cracks close to the back face of the
composite specimen, which resulting in delamination [209]. After the threshold force
was reached, the slope of the ascending portion of the force has reduced indicating a
significant reduction in the bending stiffness of the specimens [210].

Damage initiation

is a function of the threshold force, which is an indication of the capability of the
composite specimen to resist damage initiation [211]. Figure 4.22 shows the relationship
between DTF and impact energy of all the samples. The data trends are essentially flat
(within experimental error) which indicated that the DTF occurs when delamination was
initiated in composites, it could be related to GIIC and would be same for each system.
The toughened systems show the higher threshold forces, which means the higher impact
force is required to initiate a crack in toughened systems and in turn suggests this is due
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to the second phase in the toughened resin matrices.

Moreover, the threshold force

values of the specimens made by RI are higher than those of the HP composites, which
could be due to the variation of fibre volume fraction. The high matrix volume fraction
(Vm) of ES/RTM6-2 RI will give the thicker resin-rich interlaminar layers, which can
absorb more energy by secondary phase plastic deformation. However, the fibre volume
fraction (Vf) of T300/RTM6-2 HP is much higher which consequently gives a lower Vm
and thinner interlaminar regions.
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Figure 4.23 - Maximum contact force vs. impact energy of the composites.
For all four materials the maximum contact force (MCF) increased initially with the
impact energy and remained constant once the impact energy exceed 10 J. Similar
behaviour was found in Stein’s study [16], in that at impact energies >10 J, the MCF
remained constant for both a toughened and an untoughened system. The MCF values
for ES/RTM6-2 RI are higher than those of the other samples. Stein [18] suggested that
as soon as the back face experiences splitting the specimen has reached its maximum
force capacity.

Reyes and Sharma [212] reported an increase in the MCF with the

impact energy ranging from 4 J to 16 J for woven GF/PP system.

According to their

load-displacement curves it seems that the severity of the damage to the composite
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specimens was low. Moreover, no significant increase in the MCF can be observed with
the toughened resin composites, which also has been reported by Cartiéand Irving [48]
and Iqbal et al. [213] have carried out studies on CF/Epoxy composites, and suggested
that the matrix does not have a significant influence on the MCF. However, Denneulin
et al. [214] obtained higher MCF values on Kevlar/Epoxy composites toughened by
acrylate based block copolymer additives.
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Figure 4.24 - Absorbed energy vs. impact energy of the composites.
The absorbed energy is the amount of energy transferred from the impactor and dissipated
within the composite specimen during the impact event; it increases with the impact
energy as a result of the increased severity of damage to the composite specimen.

This

is a common behavior during impact of fibre reinforced composites which was observed
in other studies [210, 212, 215].

The absorbed energy vs. impact energy curves for all

the samples are plotted in Figure 4.24.

For all the materials the absorbed energy

increases with the impact energy within the impact energy range tested.

At 15 J, the

absorbed energy of T300/RTM6-2 RI increased dramatically, and both T300/RTM6-2 RI
and HP approached equal energy line, which means the absorbed energy almost equal to
impact energy at this point, the impact could be very close to the onset between rebound
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impact stage and perforation impact stage.

Under 10 J the curve of T300/RTM6-2 RI

followed similar gradients with other samples, as the reinforcement, geometry of fabric
and the stacking sequence were same in this study, which is agreed with previous
literatures [210, 212, 213, 215-217]..
The contact time between the impactor and the composite specimen increases linearly
with the impact energy for all the sample as shown in Figure 4.25.

Aktas et al.[215] and

Icten et al.[218] reported that where during rebound impact energies there was no
significant variation in the contact time whereas during penetration impact energies the
contact time increased more or less linearly. The contact time of ES/RTM6-2 HP and
ES/RTM6-2 RI are relatively stable and lower than T300/RTM6-2 specimens after
impacted from 5.6 J to 15J, thus the impacts are in rebound impact stage. The contact
time of T300/RTM6-2 RI increased linearly after 10J, and T300/RTM6-2 HP increased
linearly with a higher gradient, because high severity of damage with preformation can
be observed in Figure 4.27.

Therefore, it implies that ES/RTM6-2 was toughened and

perform very good impact damage resistance.
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Figure 4.25 - Contact time vs. impact energy of the composites.
C-Scan and CAI results of impacted T300/RTM6-2 and ES/RTM6-2 composites are listed
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in Table 4.7 and Table 4.8. The red areas on the C-Scan results show the delamination
areas of the specimens after impact. The ES laminates exhibit smaller dent depths than
the T300 laminates and require much higher energies before they exceed the limit for
barely-visible impact damage (BVID), which was defined as defined as a dent depth of
0.5 mm in the report generated by Gower et al from National Physic Laboratory [219]
(although greater values are quoted in the literature).
of BVID.

The data in blue exceed the onset

It is clear that the damage area data from T300/RTM6-2 RI and T300/RTM6-

2 HP had already reached the clamping boundary (Damage width≥40mm, red colour)
during impact testing so that their actual areas are not known. As a result, they are no
longer reliable as a damage measure in the assessment of CAI strengths.
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C-Scan

Damage

Damage

Dent

C-Scan

Damage

Damage

Dent

ES/RTM6-2

Width

Area

Depth

RI

(mm)

(mm2)

(mm)
-

CAI(MPa)/

CAI(MPa)/

Energy/ T300/RTM6-2 Width

Area

Depth

J

(mm)

(mm2)

(mm)

0

-

-

-

341/7.61

-

-

5.6

35±8.89

347±56.72

0.11

262/4.49

13±1.17

117±19.46 0.03

277/0.81

8

39±4.28

582±79.86

0.15

223/7.11

17±1.33

216±22.09 0.08

245/2.84

10

43±5.38

878±92.37

0.20

189/10.49

21±1.10

299±45.64 0.14

225/5.65

15

48±10.37

1068±77.39

0.60

141/7.05

27±0.92

471±38.48 0.33

201/0.8

Cv%
RI

Cv%

312/12.75

Table 4.7 - C-Scan and CAI results of T300/RTM6-2 and ES/RTM6-2 RI specimens impacted at a range of energy levels
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C-Scan

Damage

Damage

Dent

C-Scan

Damage

Damage

Dent

ES/RTM6-2

Width

Area

Depth

HP

(mm)

(mm2)

(mm)

-

-

CAI(MPa)/
Energy/ T300/RTM6-2

Width

Area

Depth

J

(mm)

(mm2)

(mm)

-

-

CAI(MPa)/

Cv%

0

HP

-

347/8.07

Cv%

-

336/4.69

5.6

38±1.45

1225±57.32 0.17

141/8.28

12±2.42

63±6.71

0.26

333/0.19

8

42±2.44

1243±87.34 0.55

121/6.09

17±2.36

133±13.47

0.40

292/3.61

10

38±0.42

1208±27.43 0.82

128/7.65

17±1.06

148±9.02

0.48

281/1.96

15

40±1.62

1254±73.60 1.58

115/2.40

22±1.97

289±42.61

0.97

233/2.27

Table 4.8 - C-Scan and CAI results of T300/RTM6-2 and ES/RTM6-2 HP specimens impacted at a range of energy levels.
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Sample

Front view

Back view

T300/RTM6-2 HP

ES/RTM6-2 HP

Figure 4.26 - Photographs of specimens impacted at 5.6 J.
The severity of the damage with increased impact energy could be seen visually in Figure
4.26 and Figure 4.27, the cracking damage at the back face (opposite to the impacted
surface) is shown on the images in the right hand column. It is difficult to find any
difference in the appearance of the ES/RTM6-2 and T300/RTM6-2 composites after
impact at 5.6J. However, compared to the C-Scan results shown in Table 4.8, it is clear
that larger delamination area was created in the untoughened system. After the impact
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of 15 J, significant cracking can be observed, the visible damage area of untoughened
system is larger than that of the toughened system.

Sample

Front view

Back view

T300/RTM6-2 HP

ES/RTM6-2 HP

Figure 4.27 - Photographs of specimens impacted at 15 J.
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Figure 4.28 - Damage width vs. impact energy of the composites.
Figure 4.28 shows the relationship between damage width and impact energy for the
different samples, the damage width would not increase too much beyond 40 mm since
the hole size of the supporting fixture (discussed in section 3.3.6.2) is 40 mm in diameter,
the data point with the damage width over 40 mm appears to be invalid. All the samples
manufactured by the HP process shows a reduction in damage width compare to the
samples manufactured by RI when the impact energy is higher than 10 J, this is because
fibre breakage occurred at the bottom face (Figure 4.27) and absorbed energy which
reduced delamination propagation.
As shown in Figure 4.29, the damage area increased with the impact energy for all the
samples, however, smaller damage area was created with the same impact energy in the
ES/RTM6-2 system.

The ES/RTM6-2 HP system showed the best impact resistance in

terms of damage area whereas a large delamination area was created in T300/RTM6-2 HP
even impacted at 5.6 J.

The reason for T300/RTM6-2 HP perform such low impact

resistance could be that hybrid process squeezed out too much resin out of interlaminar
layer, consequently, no enough resin provided high strength bonding between layers.
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Figure 4.29 - Damage area vs. impact energy of the composites.
4.3.2 High Velocity Impact
High velocity impact tests were carried out in order to study the maximum energy that
could be absorbed by the different systems.
penetration impact.

High velocity were used to create the

Due to equipment failure only the T300/RTM6-2 RI, ES/RTM6-2

RI and ES/RTM6-2 HP systems were tested.

The front, back and corner views of typical

specimens from these samples are shown in Figure 4.30 to Figure 4.32. It is clear that a
large amount of delamination was generated in T300/RTM6-2 RI specimens (compared
to the ES/RTM6-2), the edges of the hole created by penetration impact are jagged in
shape (see Figure 4.30 a), in the central area, matrix cracked through the ply and the
interlaminar layer, accompanied with fibre breakage.

Figure 4.31 shows that for the

ES/RTM6-2 RI specimen the edge of the hole is relatively sharp, delamination could be
observe, crack grown along the fibre direction on each layer.

For ES/RTM6-2 HP,

specimen broke as a whole part rather delaminate after penetration impact, the edge of
the hole is very sharp, and fibre breakage is the major way to absorb energy rather than
crack propagation.
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(a)

(b)

(c)

Figure 4.30 - Photographs of a T300/RTM6-2 RI specimen after penetration impact (a)
front plan, (b) back plan, (c) angled view from corner.

（a）

(b)
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(c)

Figure 4.31 - Photographs of ES/RTM6-2 RI specimen after penetration impact (a) front
plan, (b) back plan, (c) angled view from corner.

(b)

(a)

(c)
Figure 4.32 - Photographs of ES/RTM6-2 HP specimen after penetration impact (a) front
plan, (b) back plan, (c) angled view from corner.
In summary, penetration impact tests on T300/RTM6-2 RI caused cracking in each layer
as well as between each ply accompanied by fibre breakage. For ES/RTM6-2 RI cracks
mainly propagate in the interlaminar region accompanied by fibre breakage.

In
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ES/RTM6-2 HP, there were only a few delamination, major failures were resulted from
introducing fibre breakage, it implied that comparing to fibre breakage, it would be
difficult for cracks to propagate either in the matrix along the ply or in the interlaminar
area.

Thus, the ES/RTM6-2 HP system exhibited the best toughening effect

macroscopically.

Although these results were observed after laminate failed and less

meaningful for the study of failure mechanism, they might be helpful on the study of the
repair of impacted laminates.
Figure 4.33 shows typical energy vs. time curves for the penetration-impacted specimens.
The energy levelled off after the peak on all the curves, and the total energy absorbed by
both of the ES/RTM6-2 toughened system is about 30% higher than that of the
T300/RTM6-2 untoughened system. For the ES/RTM6-2 system the energy absorbed
by the sample manufactured by RI is slightly higher than that made by the HP process.
The reason could be that the RI sample has thicker interlaminar resin-rich areas which
contain more PAEK phase, thus more energy could be absorbed. Typical force vs time
curves and force vs deflection curves for the penetration-impacted specimens are shown
in Figure 4.34 and Figure 4.35, respectively.

In Figure 4.35, the force vs deflection

curves are open curve, it agreed with the curve for information reported by Belingardi et
al [68] and the curve in Figure 2.10 [67] (Page 43).
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Figure 4.33 - Typical energy vs time curves for the penetration-impacted specimens.
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Figure 4.34 - Typical force vs time curves for the penetration-impacted specimens.
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Figure 4.35 - Typical force vs deflection curves for the penetration-impacted specimens.
Caprino and Lopresto [220] suggested that the best parameter to relate to the penetration
energy is the product of total fibre thickness (thickness of composite ×Vf) as this allows
data for different impact test geometries to be compared. In Figure 4.36, experimental
results from this study are compared with to a master curve generated from previous
results at Queen Mary. [14]

However, these previous results were produced using

carbon prepregs (such as APC-2) with tough thermoplastic matrices and may represent
an upper bound for carbon fibre materials.

It is obvious that our experimental results
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follow the master curve; the specimens manufactured by RI showed higher energy
absorption than those from the hybrid HP process, and for both systems manufactured by
RI the toughened ES system absorbed more energy than the T300 untoughened system.
In Hogg’s study [7], plain carbon weave laminates manufactured with low viscosity Cytec
827 resin fell below the master curve while the commingled carbon-nylon laminates were
clearly above the master curve, which agreed that toughened systems show greater energy
absorption.
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Figure 4.36 - Impact results for ES/RTM6-2 and T300/RTM6-2 laminate, compared to a
master curve produced from tough carbon fibre laminates with a PEEK matrix and
previous results on carbon-epoxy and commingled carbon/nylon 6–epoxy laminates [7]

4.4 Residual Compressive strength
It is crucial to evaluate the residual strength of damaged composite structures for an
effective damage tolerant engineering design.

The strength of impact damaged

composites under compressive loading can be reduced significantly compared to
undamaged composite specimens because of the local instability created by the damage.
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Therefore compression testing was applied on all the impacted specimens to determine
the effect of PAEK toughening on the residual strength and the results were shown in
Table 4.7 and Table 4.8 on pages 141 and 142.

Figure 4.37 shows that for both the ES

toughened and untoughened systems manufactured by both RI and HP, the CAI strength
decreases with increasing impact energy, as there was an increase in the damage area and
the severity of the through thickness damage; behavior which agrees with the results in
the literature [48, 213, 215-217, 221]. However, T300/RTM6-2 RI, ES/RTM6-2 RI and
ES/RTM6-2 HP show better linearity than T300/RTM6-2 HP, since even low impact
energies generate large delamination areas in this sample.

The compressive strength of

undamaged ES/RTM6-2 RI is slight lower than other three samples, which is because of
its lower fibre volume fraction.
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Figure 4.37 - Residual compressive strength vs. impact energy for composite laminates.
Figure 4.37 shows that the compressive strengths of all the non-damaged samples are
equivalent.

However, after impact, the residual compressive strengths of the

untoughened HP system are only about half of that of the toughened. This tendency is
also shown in Figure 4.38, in that after impact on the HP samples the residual compressive
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strengths of the toughened system reduced from 5% to 30%, but for the untoughened
system the residual compressive strength reduced more than 60%.

1.20
1.00

σN/σ0

0.80
0.60
0.40

ES/RTM6-2 HP
ES/RTM6-2 RI
T300/RTM6-2 HP
T300/RTM6-2 RI

0.20
0.00
0

5

10

15

20

Impact Energy (J)

Figure 4.38 - Normalized residual CAI strength vs. impact energy for composite
laminates.
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Figure 4.39 - Residual compressive strength vs. damage width for composite laminates.
154

Chapter 4

Results and Discussion

Residual compressive strength vs. damage width for all the samples are shown in Figure
4.39. Significantly larger delaminations (both width and area) were created in the
T300/RTM6-2 composites compared to ES/RTM6-2, and consequently the CAI strength
of the toughened samples are higher. In order to have better understanding and to compare
with data from previous studies, normalized CAI strength vs. damage width was plotted
in Figure 4.40 and a master curve through the results from this study; there seems to be a
linear tendency that the residual strength decreased with the increasing of damage width.
A deduction could be made from this study that in either the toughened and untoughened
T300/RTM6-2 systems, normalised CAI strength is linearly- related to the damage width
rather than the other factors such as HP vs RI or toughened vs untoughened. However,
there was a disagreement with above assumptions, over the impact energy range from 5.6
J to 15 J, the dominant damage mechanisms are likely to be delamination initially and
fibre fracture eventually, there is no reason for the same reductions trend of CAI strengths
to be linked to the different damage mechanisms. Therefore, the above assumption could
only be used for tendency prediction.
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Figure 4.40 - Normalized CAI strength vs. damage width for composite laminates, master
curves was plotted to fit all the data point linearly in red colour.
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A further deduction was also made that even in different fibre/matrix system the
normalized CAI strength, σN/σ0, of fibre reinforced laminate composites has a linear
relationship with damage width. In Figure 4.41 experimental results from this study are
compared with the results generated by Prichard and Hogg [80], although the fibre and
matrix system are different, the distribution of data points are in the same region which
supports the above deductions.

ES/RTM6-2 HP
ES/RTM6-2 RI
T300/RTM6-2 HP
T300/RTM6-2 RI

Figure 4.41 – Normalized compression strength vs. damage width.

Comparison of

experimental results from this study with the data reported by Prichard and Hogg [80] for
CF composites with epoxy (F924C) and PEEK matrices (APC).
Typical compression after impact stress-strain curves for the T300/RTM6-2 HP and
ES/RTM6-2 HP samples are compared in Figure 4.42. For the T300/RTM6 HP, the
compression starts with an elastic region (a), at (b) the impact-damaged laminate panel
under in-plain compression fails due to the delamination-propagation-instigated local
buckling. With the load increasing, the surface layers of the specimen started to buckle,
a crack propagates on the transverse direction along the delamination created by the
impact until the crack propagates at (c), and then the panel has failed catastrophically.
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The local buckling-initiated catastrophic failure starts, once the propagation of
delamination reaches the edge region around the mid-section region of the panel.
Unfortunately, the size of the edge region is completely unknown. After the compressive
load was released, the non-damaged specimen surface recover to flat again. For the
ES/RTM6 HP specimen, the compression load starts at (a), with the increasing of the load
the sample started to fail as a crack propagates from the impact centre at (e), after the
crack propagates to the edge region, the sample failed catastrophically at (f).
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Figure 4.42 - Typical compressive stress-strain curves of compression after impact
specimens at 5.6J; comparison between T300/RTM6-2 HP and ES/RTM6-2 HP.
Base on their appearance and behaviour. The CAI failure mechanism of both
T300/RTM6-2 and ES/RTM6-2 are mixture of kink shear band and the delamination.
However, the failure mechanisms are still a little different between the toughened and
untoughened systems. Figure 4.45 (a) shows that for the untoughened system, the
central part of the specimen failed by shear and it initiated the crack tips in the resin rich
interlaminar layers. Then the crack propagated in the interlaminar layer, leading to
delamination and micro buckling. That is to say the interlaminar bonding is relatively
weak. However, in Figure 4.45(b), the main crack propagates at 45ºto the compression
direction across the specimen, with the carbon fibre plies failing by shear, and there is
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only a few cracks propagate along the resin rich interlaminar layers. Higher GIIC of
ES/RTM6-2 specimens resulted in higher CAI strength compare to T300/RTM6-2
specimens, because it is mainly affected significantly by interlaminar shear strength.

(a)

(b)

(c)

(d)
Figure 4.43 - Photograph of a T300/RTM6-2 HP specimen at different times during the
compression test shown in Figure 4.42.
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(a)

(e)

(f)
Figure 4.44 - Photographs of an ES/RTM6-2 HP sample at different times during the
compression test shown in Figure 4.42.
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(a)

5 mm

(b)

3 mm

Figure 4.45 - Typical cross-section images showing the compressive failure of
compression after impact specimens of (a) T300/RTM6-2, (b) ES/RTM6-2.

(a)

(b)

Figure 4.46 - Schematics of compressive failure mode of compression after impact test
specimens; (a) T300/RTM6-2 HP, (b) ES/RTM6-2 HP.
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(a)

(b)

Figure 4.47 - Typical SEM images of the interlaminar region of a T300/RTM6-2 HP
specimen (a) 500×, (b) 1000×.

(a)

(c)

(b)

(d)

RTM

PAEK

Figure 4.48 - Typical SEM images of the interlaminar region of an ES/RTM6-2 HP
specimen: (a) 500×, (b) 1000×, (c) 5000×, (d) 10000×
Macroscopically, the failure mode of the toughened system appears more brittle that that
of the untoughened system. As mentioned in Section 2.2.1, the failure mechanism of CAI
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is more related to Mode II fracture toughness. The reason could be that in the toughened
system, the PAEK phase concentrated in the interlaminar layer and when the compression
load was applied the RTM6-2 /PAEK blended system can absorb more energy than it
required for Mode II crack growth.

Comparing SEM micrographs, in the untoughened

system (Figure 4.47), there no with, in the PAEK toughened system (Figure 4.48), highly
toughened PAEK-rich layers are established within the thin interlaminar regions
(approximate 100 µm) whereas only RTM6 resides within the carbon plies giving good
matrix-fibre interaction.

The energy to initiate matrix cracks was absorbed by PAEK

phase particle bridging, yielding or micro cracking (Figure 4.48).

Thus the internal

stress distribution was dynamically even, after the compressive load excess the threshold,
the specimen break as a whole part by shear as shown in Figure 4.46 (b). However, as
shown in Figure 4.46 (a) after the maximum compressive strength was reached in the
untoughened system, crack propagation occurs via the interface between layers as its
Mode II fracture toughness is very low.

From the CAI results, it is believed that the continuous RTM6-2 PAEK- discontinuous
RTM6-2-particle morphology in the interlaminar region (formed by reaction-induced
phase decomposition and inversion) has significantly improved the interlaminar fracture
toughness, which was demonstrated in Section 4.2.

When out-of-plane impact is

applied to the toughened ES specimens the energy absorption mechanism is changed from
delamination to fibre fracture.

As a result, the CAI behaviour of T300/RTM6-2

toughened PAEK by the ES technique is significantly improved, which is in agreement
with the findings of the study of Cheng et al on a G827/BMI system.[9]
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4.5 Open Hole Compression
4.5.1 Stress-strain behaviour
Hole Diameter
(mm)

T300/RTM6-2 HP OHC
Strength (MPa)

ES/RTM6-2 HP OHC
Strength (MPa)

0

347±28.00

336±15.74

3

340±10.07

325±20.21

5

299±17.41

318±13.09

8

289±7.41

293±17.69

10

269±9.25

269±17.88

Table 4.9 - OHC results of T300/RTM6-2 HP and ES/RTM6-2 HP samples.
In this section, T300/RTM6-2 and ES/RTM6-2 produced by the HP process are tested
using the open hole compression (OHC) test with various hole sizes. The gross and net
OHC results of both systems are shown in Table 4.9, the calculation of OHC strength, the
cross-section area of the hole was excluded [90]. The OHC strength vs. hole diameter
of both samples has been plotted in Figure 4.49 It is clear that the OHC strength
decreased with increasing hole diameter. For specimens with a hole diameter of 3 mm
the T300/RTM6-2 system shows slightly higher OHC strength, whereas for specimens
with hole diameters larger than 3 mm the OHC strength values of the ES/RTM6-2 system
are slightly higher. A typical stress-strain curves of OHC specimens with a 5 mm hole
diameter for the ES/RTM6-2 and T300/RTM6-2 systems are shown in Figure 4.50. The
shape of curves looks similar, but the OHC strength of ES/RTM6-2 is slightly higher than
that of T300/RTM6-2.
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Figure 4.49 - OHC strength vs. hole diameter for ES/RTM6-2 HP and T300/RTM6-2 HP.
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Figure 4.50 - Typical stress-strain curve of OHC with a 5 mm diameter hole, comparison
between ES/RTM6-2 and T300/RTM6-2 samples.
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(a)

(b)

(c)
Figure 4.51 - Typical failure process of T300/RTM6-2 specimens during the OHC test:
(a) crack initiation, (b) crack propagation, (c) specimen failed.
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(a)

(b)

(c)
Figure 4.52 - Typical failure process of ES/RTM6-2 specimens during the OHC test: (a)
crack initiation, (b) crack propagation, (c) specimen failed.

166

Chapter 4

Results and Discussion

Compressive failure of composite laminates is due mainly to 0°fibre buckling (fibre
kinking) from the hole edges, accompanied by fibre/matrix debonding, matrix yielding
and delamination. [222, 223]

With increasing load, stress starts to concentrate at the

equatorial central line of the hole edges.

The unmodified T300 composites failed by

delamination and fibre buckling (Figure 4.51), whereas the ES composites failed via fibre
breakage (Figure 4.52) as the PAEK coating has formed a toughened layer in the
interlaminar region.

This gives significant Mode I fracture toughening and the fibres

broke by shear before the crack tips propagated through the interlayers.

Thus, the

ES/RTM6-2 system failed from the shear stress generated by the compressive load, and
few delaminations were observed during the failure of the ES/RTM6-2 system.

4.5.2 Comparison between CAI and OHC results

Residual Compressive Strength (MPa)
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50.00

Damage Width (mm)

Figure 4.53 - Residual compressive strength vs. Damage width. Comparison, OHC and
CAI results of the T300/RTM6-2 HP sample.
It worth comparing the residual compressive strength vs. damage width behaviour
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between the CAI and OHC results, as both test are aerospace industry qualified damagetolerance evaluation methods, and the residual compressive strength and damage width
are parameters that could link these two results together.

Figure 4.53 shows a

comparison of OHC and CAI results for the T300/RTM6-2 HP samples. In this
untoughened system, the damage width data from CAI are concentrated around 40 mm.
and the CAI strength values are at a much lower level than those from OHC, which are
seen to reduce linearly with damage width.

Figure 4.54 shows comparison of OHC and

CAI results for the ES/RTM6-2 HP samples. In this toughened system, even though the
damage width values of the CAI specimens are larger than the OHC specimens, the
residual strength data are equivalent. The residual strength data from OHC and CAI all
decrease with the damage width with different gradients.

The CAI data shows a

significantly shallower gradient than the OHC data, indicating that stress concentration
would be more intense around a hole on a composite rather than a delamination, as for a
delamination the fibres could still provide some support before fibre breakage.
In order to investigate the distribution of residual compressive strength – damage width
behaviour, the data from Figure 4.53 and Figure 4.54 are plotted together in Figure 4.55.
There are linear relationships for the data of both the T300/RTM6-2 HP and ES/RTM6-2
HP systems. However, the line gradient for OHC is steeper than that of the CAI results.
The reason for this is that even though the damage area values of the CAI specimens are
larger than the OHC specimens, the damage created by impact are mainly delaminations
and matrix cracks with only a limited amount of fibre breakage; whereas in the OHC
specimens all the damage area has full of fibre breakage created by the drill.
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Figure 4.54 - Residual compressive strength vs. Damage width. Comparison of OHC
and CAI results for ES/RTM6-2 HP.
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Figure 4.55 - Residual compressive strength vs. Damage width. Comparison of OHC
and CAI results of T300/RTM6-2 HP and ES/RTM6-2 HP sample.
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4.5.3 Strength Prediction
In this study, two approaches developed by Whitney and Nuismer (WN) were used to
give strength predictions: the average stress criterion (ASC) and the point stress criterion
(PSC). The equations used for calculations were discussed in section 2.2.4.

4.5.3.1 Average Stress Criterion (ASC)
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Figure 4.56 - Effect of characteristic dimension a0 on notched strength of an infinite plate
as predicted by the ASC for laminates where 𝐾𝑇∞ = 3.00.
The orthotropic stress concentration factor for a plate of infinite, 𝐾𝑇∞ , value is calculated
by Equation (2.7).

Figure 4.56 shows prediction curves with different ASC

characteristic length (a0). The curves move to higher notched strength levels with the
increase of a0, indicating better damage tolerance. The average nominated compression
strength was calculated from the data in Table 4.9 and the ASC characteristic length (a0)
was used to fit the experimental data to Equation (2.9) and (2.10) (on Page 52). The
experimental data and curves of best fit are shown in Figure 4.57, the values of the
characteristic distances are determined by means of curve fitting of the experimental data,
and the calculated parameters are ES/RTM6-2 a0 = 9.35 mm and for T300/RTM6-2 a0 =
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7.95 mm, indicated that the compressive strength of T300/RTM6-2 HP is more sensitive
to the size of open hole.

1.00
ES/RTM6-2
0.95

T300/RTM6-2
ASC ao=9.35 mm

0.90

ASC ao=7.95 mm

σN/σ0

0.85
0.80
0.75
0.70

0.65
0.60
0

2

4

6

8

10

12

Hole diameter (mm)

Figure 4.57 - Comparison of notched/unnotched strength for ES/RTM6-2 and
T300/RTM6-2 OHC as determined experimentally and by the ASC

4.5.3.2 Point Stress Criterion (PSC)
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Figure 4.58 - Effect of characteristic dimension d0 on notched strength of an infinite plate
as predicted by the PSC
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Figure 4.58 shows the prediction curves with different PSC characteristic length d0. It is
clear that the curves move up with increasing d0, indicating better damage tolerance. The
PSC characteristic length (d0) was calculated by matching the experimental strength data
with Equation (2.11) and (2.12) (Page 53). The experimental data and curves of best fit
are shown in Figure 4.59. The values of the characteristic distances are determined by
means of curve fitting of the experimental data and the calculated parameters are for
ES/RTM6-2 d0 = 2.72 mm and for T300/RTM6-2 d0 = 2.43 mm. They indicated that the
compressive strength of T300/RTM6-2 HP is more sensitive to the size of open hole,
which is agreed with the prediction made by ASC.
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Figure 4.59 - Comparison of notched/unnotched strength for ES/RTM6-2 and
T300/RTM6-2 in OHC as determined experimentally and by the PSC.
According to the above results the PSC analysis fits the experimental data better than the
ASC analysis in this study.
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CHAPTER 5
CONCLUSIONS AND SUGGESTIONS FOR
FUTURE WORK
5.1 Conclusions


The mixed RMT6-2 show similar rheological behaviour to that of RTM6, and as
shown in its datasheet the processing temperature was found to be in the range of 100
⁰C to 120 ⁰C.



The fibre volume fraction of the laminate manufactured by resin infusion was lower
than 55%, whereas that of laminate manufactured by the hybrid resin infusion/ hot
press process was >55%.



The engineering, Tg, measured for ES/RTM6-2 system was 181 ±1.4 ºC, and for
T300/RTM6-2 186 ±4.4 ºC. This suggests a service temperature under 180 ºC.



Highly toughened PAEK-rich layers are established within the thin interlaminar
regions (approximate 100 µm) whereas only RTM6 resides within the carbon plies
giving good matrix-fibre interaction.



The Mode I fracture toughness for the toughened system increased from 216 ±7.2 Jm2



to 751 ±105 Jm-2, a 3-times increase over the untoughened system.

The Mode II fracture toughness increased from 857 ±99 Jm-2 to 3316 ±372 Jm-2, a 4times increase.



SEM revealed that at the fibre-matrix interfacial region RTM6-2 particles of
approximately 0.8-1 µm in diameter were surrounded by a continuous PAEK phase.
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This morphology was formed by the reaction-induced phase decomposition of a mixed
epoxy-PAEK phase followed by phase inversion.


During fracture testing, propagating cracks were deflected or bifurcated by RTM6-2
particles or slowed by shearing of the PAEK phase.

This resulted in the significant

improvement in delamination resistance of T300/RTM6-2 composites toughened
using the PAEK coating on the CF reinforcement.


Impact testing showed the PAEK-toughened ES/RTM6-2 system exhibited higher
energy abortion than the untoughened system.



Significant improvement damage tolerance was confirmed by the values of residual
compression strength for the toughened ES/RTM6-2 system, from both the CAI and
OHC tests.

This was related to the improvement in interlaminar fracture toughness,

which is believed to attribute to the relief of plastic constraint at the crack tip by
PAEK-rich phases in the RTM6-2 matrix composites.


Predicted OHC test by using W-N criteria, for ES/RTM6-2 HP the ASC a0 = 9.35 mm
PSC d0 = 2.72mm, T300/RTM6-2 HP the ASC a0 = 7.95 mm PSC d0 =2.43 mm,
indicates that the compressive strength of T300/RTM6-2 HP is more sensitive to the
size of the hole, thus ES/RTM6-2 HP perform better damage tolerance.



Coating of woven reinforcement with a PAEK toughening agent has proved to be a
highly effective technique for toughening RTM6-2 matrix composites.

5.2 Future Work


As the addition of a PAEK coating can cause the reduction of compressive strength
in undamaged composites, a comparison should be made for samples produced
using ES fabric with different weight fraction of PAEK coating. CAI test and
Mode I/II ILFT tests should reveal the best composition of PAEK coating that can
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provide both the maximum toughening effect and minimum reduction in
compressive strength on undamaged composite.


The use of X-ray CT to investigate the delamination structure through the depth
direction could be very interesting, it will provide data on the shape of the voids in
the interlaminar region and on changes in their aspect ratio after impact. This data
could then be correlated with the composition of the PAEK coating,



To compare the toughening effect by both “Ex-Situ” coating and “Priform” hybrid
co-woven

toughening

method

using

dissolvable

thermoplastic

fibres.

Manufacturing of composite using a PAEK fibre/T300 CF co-woven fabric with
the same PAEK weight fraction, using both resin infusion and the hybrid resin
infusion/hot press process.


Moreover, the cost of manufacturing of both fabric could also be studied and took
in to consideration in order to support the industry and commercial applications.
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